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ABSTRACT 
 
 
Polyploidy is an important process in plant evolution, most often involving the 
merger of two divergent nuclear genomes (allopolyploidy).  Allopolyploidy typically is 
followed by genomic, genetic and epigenetic responses. Because usually only the maternal 
set of plastid and mitochondrial genomes are inherited in allopolyploid species, the question 
arises as to how plants deal with the resulting alterations to cytonuclear stoichiometry. A 
second understudied dimension of allopolyploid concerns small RNAs and the pace and 
pattern of their divergence among diploid species and following polyploidy. In this thesis I 
present analyses addressing these fundamental questions about allopolyploid evolution, using 
as models both cotton and other exemplar allopolyploid lineages.  
 
In the work presented here I investigated cytonuclear coordination of the key 
chloroplast protein rubisco (ribulose 1,5-bisphosphate carboxylase/oxygenase), which is 
composed of nuclear-encoded, small subunits (SSUs encoded by rbcS gene) and plastid-
encoded, large subunits (LSUs encoded by rbcL gene). Our initial analyses used Gossypium 
(cotton) as the model. The composition of rbcS gene orthologs and homoeologs in 
representative parental diploids and polyploids were characterized. Sequence alignment and 
comparison among rbcS homoeologs revealed cytonuclear coevolution at the genomic level, 
which is mediated by NRHR (Non-Reciprocal Homoeologous Recombination) between 
homoeologs in all natural polyploid species. The inter-genomic gene conversion events 
consistently converted all paternal D-genome homoeologous SSUs into A-genome like 
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subunits at regions where the SSU interacts with the LSU. Homoeologous rbcS gene 
expression in leaves of diploid hybrid and polyploid cotton revealed evidence of cytonuclear 
accommodation at the transcriptional level, namely, preferential expression of maternal rbcS 
homoeologs. Motivated by findings in Gossypium, I extended this model to include 
additional polyploid lineages, i.e., Arabidopsis, Arachis, Brassica, and Nicotiana. 
Phylogenetic analyses demonstrated concerted evolution of rbcS genes in all allopolyploids. 
By comparing rbcS homoeolog sequences in allopolyploids with their corresponding 
orthologs in representative parental diploids, we demonstrated a consistent pattern of post-
polyploidy gene conversion among rbcS homoeologs, similar to findings in Gossypium. In 
addition, biased homoeolog expression of paternal homoeologs carrying maternal 
conversions were also confirmed in most polyploid species. These results demonstrate that 
inter-genomic gene conversion at the genomic level, and preferential expression of maternal 
or maternal-like nuclear genes at the transcriptional level, may be common cytonuclear 
adjustments to genome merger employed by allopolyploids. 
 
To investigate the role of small RNAs (microRNAs) and their participation in the 
regulation of gene expression I examined two closely related diploid cotton species, G. 
arboreum (A2) and G. raimondii (D5). Analysis using a custom miRNA gene prediction 
pipeline revealed 33 conserved candidate miRNA gene families shared between the two 
species. Identified miRNA families had similar copy number and average evolutionary rates 
across the diploid species. Comparing the presence/absence of these miRNA gene families in 
other land plant species revealed lineage-specific losses and gains. A striking interspecific 
asymmetry in expression, which is potentially connected to relative adjacency with 
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neighboring transposable elements, was detected between species. The complex correlation 
pattern of miRNAs and their targeted genes implicates potential functional divergence of 
conserved miRNA families even within the same plant genus.  
 
Novel miRNA genes that were not identified in other land plant species were 
characterized in both G. arboreum (A2) and G. raimondii (D5). Many of the miRNA families 
were shared between the two diploids, although the genome of A2 contained 3.5 fold more 
species-specific miRNA families when compared with D5. This observation is potentially 
explained by the higher rate of inverted duplication among protein-coding genes in A2, as 
well recent duplication and divergence of pre-existing miRNA genes. Together with previous 
findings these data demonstrate a relatively conserved evolutionary pattern for certain 
families of ancient derived miRNA; however the rapid and divergent genesis of novel 
miRNA genes accompanying speciation in Gossypium demonstrate the evolutionary 
dynamics of miRNA gene families can be highly variable within the same genus. 
 
In G. raimondii, analysis of siRNA populations revealed the sub-telomeric region at 
the 3’ end of cotton chromosome 1 to be enriched for siRNA localization. Furthermore, this 
genomic region contained a preponderance of relatively new transposable element (TE) 
insertions. The recent origin of these TEs was implicated by [1] their less sequence 
divergence and [2] a negative correlation pattern between the abundance of uniquely mapped 
siRNAs and those that map multiple regions of the genome. Active transcription of the 
compositional TEs and their positive correlation with expressed siRNAs indicates sufficient, 
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but well-controlled transcription of young TEs may be necessary to maintain the silencing of 
such TEs. 
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CHAPTER 1 
GENERAL INTRODUCTION 
 
Dissertation Organization 
 
This dissertation is organized into five chapters. The first chapter is a general introduction 
about diploid divergence and polyploidy formation, followed by descriptions of unexplored or 
underexplored dimensions of cytonuclear evolution in the context of polyploidy and non-coding 
small RNA (microRNA and siRNAs) evolution during divergent evolution of diploids. After 
introducing Gossypium and other classical polyploid lineages and their advantages for 
evolutionary analysis, the primary research objectives of this thesis are specifically described. 
 
Chapter 2 describes our initial exploration of cytonuclear accommodation of rubisco (1,5-
bisphosphate carboxylase/oxygenase) component genes rbcS and rbcL (encoding small and large 
subunit, respectively) in response to polyploid formation in Gossypium. Using Sanger 
sequencing, sequence SNPs determination, and transcriptomic analysis, I studied rbcL evolution, 
rbcS family characterization, and the coordination of parental rbcS genes at both genomic and 
transcriptional levels, as evolutionary responses to polyploidy in Gossypium. This chapter was 
published in the journal Molecular Biology and Evolution in 2012. Among all the authors 
undertaking this project, my thesis advisor, Dr. Jonathan Wendel and I designed the research. 
Under the help of Kara K. Grupp, I conducted all the Sanger sequencing, sequence alignment, 
and sequence comparisons. Armel Salmon and Zining Wang helped me with confirming rbcS 
gene family compositions in both diploid and polyploid cotton by gene capture analysis and gene 
searching in genome assembly. I completed the transcriptomic analysis of rbcS genes in 
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polyploid cotton species, using the RNA sequencing library prepared by Mi-Jeong Yoo. I drafted 
the manuscript with help from Dr. Wendel and all the other authors contributed their helpful 
edits and comments. 
 
Chapter 3 presents an analysis of cytonuclear evolution for the same set of rubisco genes 
in four other model allopolyploid lineages, Arabidopsis, Arachis, Brassica, and Nicotiana. The 
analysis pipeline was similar to that utilized in Gossypium (Chapter 2). Besides characterizing 
the rbcS gene composition and diversity, the common concerted evolutionary features of rbcS 
homologs via gene conversion in the diploids and polyploid species in each lineage were also 
summarized.  Consistent genomic coordination of parental rbcS homoeologs via preferential 
maternal-to-paternal gene conversions, as well as uniform transcriptional bias of the maternal-
like rbcS homoeologs, were detected in all included polyploid species. This chapter has been 
submitted to Molecular Biology and Evolution and has been accepted and in press. Dr. Wendel 
and I designed the research, and an undergraduate student, Ms. Mischa Olson, helped in the 
laboratory.  I conducted all material preparation, Sanger sequencing, sequence alignment, and 
sequence comparisons. I completed the transcriptomic analysis of rbcS genes in all polyploid 
species, using the RNA sequencing library I downloaded from public available resources. I 
drafted the manuscript with help from Dr. Wendel, and all other authors contributed edits and 
comments. 
 
Chapter 4 describes our initial characterization of miRNA gene composition and 
expression in two representative A- and D-genome cotton diploid species (G. arboreum and G. 
raimondii). In this chapter, miRNA gene compositions and their regulated target genes were 
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characterized based on Illumina reads of small RNA sequencing libraries and degradome 
libraries constructed from the seedling leaf RNAs of both species. We also analyzed the 
evolutionary birth/death dynamics of characterized miRNAs genes, compared their expression 
levels in two species, and correlated their expression pattern with identified targeted protein-
coding genes. This chapter was published in the journal Genome Biology and Evolution in 2013. 
Among all the authors undertaking this project, Dr. Wendel and I designed the research. With 
assistance from Siwaret Arikit at the University of Delaware, I constructed the small RNA 
sequencing libraries and the degradome sequencing libraries, which were sequenced on Illumina 
GA II/Hi-Seq sequencer. The whole miRNA characterization pipline was constructed by myself. 
I also completed all evolutionary analysis and further statistical expression comparisons. Atul 
Kakrana and I completed the miRNA target prediction work. I drafted the manuscript with help 
from Dr. Wendel and our collaborator Dr. Blake C. Meyers from the University of Delaware.  
The other authors contributed edits and comments. 
 
Chapter 5 describes our further analyses regarding the composition, biogenesis, gene 
targeting and relative expression of novel miRNA genes in the same set of aforementioned 
diploid species (A2-G. arboreum and D5-G.raimondii). Novel miRNA prediction (not detected 
in any other plant species) and detailed miRNA gene curation were used to avoid potential false 
positive miRNA annotations, using the pipeline mentioned in Chapter 4. Further evolutionary 
birth/death dynamics of novel miRNA genes in two diploid species was compared and their 
differences were explained by possible novel miRNA genesis mechanisms. Conservative 
expression and gene targeting of the shared novel miRNAs between two diploid species were 
also demonstrated. This chapter will be submitted to the journal Molecular Biology and 
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Evolution. Among all the authors undertaking this project, Dr. Wendel and I designed the 
research. Dr. Meyers provided advice and a useful browser for miRNA curation. I completed all 
other analysis described in this chapter. I drafted the manuscript with help from Dr. Wendel, and 
all other authors contributed their comments. 
 
Chapter 6 describes our exploration of the distributional features of siRNAs and their co-
evolutionary dynamics between siRNAs and their resource transposable elements (TEs) in the 
diploid cotton G. raimondii. In this chapter, we characterized the siRNA distribution pattern 
across the genome of G. raimondii and found a genomic region of TEs with significantly 
enriched siRNA coverage at the 3’-end of chromosome 1. Further analysis of uniquely mapping 
and multiple-hits mapping coverage of siRNAs and timing of insertion events reveals recent 
origins of those young TEs, which could explain the high expression of siRNAs in this region. 
Active transcription of the TEs is potentially contributes to sufficiently high levels of siRNA 
expression to maintain silencing of recently transposed TEs. This chapter has been submitted and 
is under review by the journal Molecular Biology and Evolution. Among the authors undertaking 
this project, Dr. Wendel and I designed the research. Dr. C. E. Grover helped me estimate the 
insertion times of the featured TEs. I completed all siRNAs filtration and mapping, expression 
quantification of siRNAs and TE transcripts, and further statistical correlation and comparisons. I 
drafted the manuscript with help from Dr. Wendel and all other authors contributed edits and 
comments. 
 
Chapter 7 provides a brief conclusion and discusses the research objectives in light of 
results obtained in Chapters 2 to 6. 
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Description of Research Objectives 
Evolutionary perspective on diploid divergence and polyploidy 
Polyploidy, or whole-genome duplication, is defined as the presence of two or more 
diploid parental genome sets within an organism. It may occur via autopolyploidization by 
multiplying a single genome or via allopolyploidization by combining divergent genomes (Soltis 
and Soltis 2000; Wendel 2000; Wang et al. 2006). Compared with animals, polyploidy is much 
more common in the plant kingdom. The mechanisms underlying it were proposed to include 
behavioral isolation in animals but not in plants, more cross-pollination between plant 
individuals and so on. Recently, another hypothesis was raised: it is the lack of pachytene 
checkpoint in meiosis of plants that increased the probability of producing unreduced gametes 
(Li et al. 2009). Merging of such unreduced gametes will cause more polyploids in plants. The 
assessed frequency of polyploidy in angiosperms, based on comparative cytogenetics and other 
techniques, ranges from 30% to 80% (Hegarty and Hiscock 2008). It is clear, however, that all 
angiosperms have at least one episode of polyploidy in their past (Wendel 2000; Cui et al. 2006; 
Jiao et al. 2011) so that even apparent diploids actually are ancient polyploids (paleopolyploids). 
Following polyploidy, a process of diploidization occurs, which may involve massive gene loss 
and genomic rearrangements (Bowers et al. 2003; Ilic et al. 2003; Blanc and Wolfe 2004; Lai et 
al. 2004; Woodhouse et al. 2010). 
 
To date, it is still not clear why polyploids are successful, often having wider natural 
niches compared with diploids. Traditional explanations include suggestions that multiple 
genomes in the same nucleus lead to increased allelic diversity and heterozygosity, which would 
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cause novel phenotypic variation and high stress tolerance, and hence higher adaptability of 
polyploidy plants. Modern investigations into possible causes have focused on the genomic, 
genetic and epigenetic responses to polyploidy, such as those in Arabidopsis (Madlung et al. 
2005; Wang et al. 2006; Ha et al. 2009) and in Brassica (Braszewska-Zalewska et al. 2010; Jiang 
et al. 2013; Liu et al. 2014). Most of these studies used allopolyploids instead of autopolyploids 
(Ozkan et al. 2006; Wang et al. 2006). Specifically, after genome merger and doubling, genome-
wide genomic rearrangements have been detected in many cases (Lim et al. 2007; Liu et al. 
2014). At the gene expression level, non-additive gene expression, genomic dominant expression 
and subgenomic biased expression have also been observed in many polyploid species (Hegarty 
et al. 2008; Jiang et al. 2013). Epigenetic DNA methylation status of genes with varied 
expression have also been analyzed in some plant polyploids (Keyte et al. 2006; Braszewska-
Zalewska et al. 2010; Madlung and Wendel 2013). With the development of more advanced 
molecular and genomic tools, more detailed information on genomic rearrangements, gene 
expression changes and the fate of diversified gene duplicates (neosubfunctionization and 
subfunctionization) is being realized, thereby providing enhanced perspectives on genomic and 
genetic responses in polyploids (Chen 2007; Liu and Adams 2007; Doyle et al. 2008; Chaudhary 
et al. 2009; Rapp et al. 2009; Salmon et al. 2010; Madlung and Wendel 2013).  
 
Until now, there has been little research into cytonuclear coevolution and non-coding 
small RNAs evolution in allopolyploid species. The possibility of novel facets of cytonuclear 
coordination/coevolution are suggested by the potential stoichiometric disruptions caused by the 
combination of two nuclear genomes but inheritance of only one set of progenitor organellar 
genomes (usually maternal) at the time of allopolyploid formation. For the second dimension 
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about the evolution of non-coding small RNAs (including miRNAs and siRNAs, Llave et al. 
2002), their roles in gene expression control and genome stabilization via small RNAs implicate 
that research about the role of small RNAs during diploid divergence and polyploidization will 
provide insights into the aforementioned genetic and genomic responses to polyploidy. Detailed 
explanations of these two dimensions of allopolyploid evolution are provided in following two 
sections, respectively. 
 
Cytonuclear coevolution in polyploidization 
Genomic information exchanges between nuclear and organellar genome (mitochondrial 
and chloroplast DNAs) in plants involves transference of organellar genomic fragments into their 
host nuclear genome, which are designated as NUMT (nuclear integrants of mitochondrial DNA) 
and NUPT fragments (nuclear integrants of plastid DNA). Over evolutionary time, many 
organellar genes have been also been transferred, relocated to the nuclear genome, acquired 
appropriate regulatory sequences for expression in the nucleus, and eventually maintain their 
original functions of coding proteins, which are targeted back to their source organelles via 
transit signaling peptides and thereafter are incorporated into functional protein complexes with 
other organelle-encoded subunits (Adams et al. 2000; Millen et al. 2001; Adams et al. 2002; 
Sheppard and Timmis 2009). Given paternal and/or maternal inheritance of the organelles in 
plant hybridization and allopolyploidziation (Xu 2005; Burton et al. 2013), the aforementioned 
bi-parental nuclear NUMT/NUPT functional genes are combined with only one set of 
paternal/maternal counterpart genes inherited in the cytoplasmic organelles. Potential 
stoichiometric disruptions of the assembly of functional protein complexes and possible 
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incompatibility between organellar and nuclear protein components suggest that cytonuclear 
accommodation should occur in allopolyploids.  
 
Two possible methods have frequently been adopted to observe and analyze cytonuclear 
coevolution/accommodation. First, a “cybrid” (artificially replacing the original host organelles 
with new sets of organelles) in plants have been utilized to create hybrid cells with different 
compositions of nuclear, mitochondrial, and chloroplast genomes, which have led to 
observations of incompatibilities between nuclear and organellar genomes (Schmitz-Linneweber 
et al. 2005; Turelli and Moyle 2007). The second method is based on construction of plant 
hybrids and maintaining their continuous paternal/maternal backcrossing. The molecular 
behavior of nuclear genes in different cytoplasmic organellar backgrounds may explain how 
cytonuclear coevolution affects the fitness of hybrids (Bolnick et al. 2008; Ellison and Burton 
2008). Similarly, the cytonuclear coevolution of nuclear-encoded and organellar genes may also 
be explored in allopolyploids. 
 
The model protein complex utilized in my dissertation is Rubisco (Ribulose 1,5-
bisphosphate carboxylase/oxygenase), an essential enzyme in carbon fixation during 
photosynthesis, which functions as octamer holoenzymes of SSUs (Small Subunits) encoded by 
a nuclear rbcS multigene family and LSUs (Large Subunits) encoded by a single plastid rbcL 
gene (Rodermel et al. 1996). SSUs are translated in the cytoplasm and are eventually imported 
into the chloroplast, where LSUs are transcribed and translated (Rodermel et al. 1996). The 
relatively simple gene family structure of rbcS and rbcL genes and well-studied protein structure 
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of the holoenzyme makes Rubisco an excellent enzyme model to study cytonuclear coevolution 
in allopolyploid plant species.  
 
Small RNA evolution in divergent parental diploids 
Non-coding small RNAs (21-24nt) play important roles in post-transcriptional gene 
regulation in plants. mRNAs are regulated by several classes of small RNAs through base 
complementarity leading to cleavage or repression of translation of the mRNA (Carthew and 
Sontheimer 2009). As the main categories of small RNA, microRNA (miRNAs) and short 
interfering (siRNAs), generated by cleavage of dsRNA, are known to affect gene expression at 
different levels (Baulcombe 2004; Carthew and Sontheimer 2009).  
 
Biogenesis of mature miRNAs involves transcription of miRNA-coding genes (pri-
miRNAs genes), which are 5’-capped and 3’-polyadenylated similar to transcripts of protein-
coding genes. The resulting pri-miRNA folds into a stem-loop structure (pre-miRNA), which is 
further cleaved into mature miRNAs, mostly by RNase III family. In Arabidopsis thaliana and 
Oryza sativa, 291 pre-miRNA loci (corresponding to 47 mature miRNAs) and 581 pre-miRNA 
(corresponding to 46 mature miRNAs), respectively, have been shown so far to be in the 
genomes (Axtell and Bowman 2008). In both genomes, most pre-miRNA loci are in the 
intergenic and repeated regions (Lindow et al. 2007). Synthesis of siRNA can be achieved by 
transcription of external genes, virus, and/or certain repeate elements such as transposable 
elements. Double strand RNA can be chopped into final 21-24 bp mature siRNA fragments with 
24 bp siRNAs as the majority group. 
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Mature miRNAs and siRNAs regulate target gene expression in several ways. siRNAs 
employ pre-transcriptional epigenetic regulation (siRNA-directed DNA and histone methylation) 
and exonucleotide degradation of target genes (Neilson and Sharp 2008; Carthew and 
Sontheimer 2009; Ha et al. 2009). MiRNA-guided, post-transcriptional gene regulation 
constitutes one of the most conserved and well-characterized gene regulatory mechanisms (Li et 
al. 2010). Compared to siRNA-mediated gene regulation, a less complex mechanism is used by 
miRNAs, involving cleavage of bound target genes (cleavage between 10th and 11th nucleotide 
position from 5’-end) and translation repression via binding to the 3’UTR or coding region of 
target mRNA (Carthew and Sontheimer 2009). Until now, miRNA-directed gene expression are 
verified to be important for development, stress responses and many other biological processes 
(Mallory and Vaucheret 2006; Sunkar et al. 2007; Shukla et al. 2008; Voinnet 2009).  
 
To date, only one paper has analyzing miRNA gene repertoire evolution during 
divergence of two closely related diploids, i.e., in Arabidopsis thaliana and A. lyrata (Fahlgren et 
al. 2010). Accordingly, little is known about general patterns of divergence of genome-wide 
miRNA genes or siRNA biogenesis in terms of composition, expression or distribution patterns 
between diploid species of the same or different genera. Thus, it is interesting and necessary to 
investigate the evolution and participation of miRNAs and siRNAs in diploid divergence to 
facilitate further comparative analysis about the aforementioned aspects in polyploids generated 
from those parental diploid species.  
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Cotton diploids and polyploids as an initial model system 
Cotton species are excellent models for our understanding of diploid divergence, 
polyploidization and crop domestication. Among the ~50 diploid species of the cotton genus 
(Gossypium L.), two diploid groups of species, known as Old World A-genome and New World 
D-genome, diverged from a common ancestor about 5-10 million years ago (reviewed in Wendel 
and Cronn 2003; Wendel et al. 2012; Figure 1). At present, the widely-planted cotton species are 
G. hirsutum (AD1) and G. barbadense (AD2), both of which are allopolyploids derived from 
merging genomes of two diploid group genomes (A- and D- genome, 1-2 million years ago, 
Figure 1). In addition, there are five additional polyploid cotton species,  including two new 
polypoid species G. ekmanianum (AD6;Grover et al. 2014) and G. stevensii (AD7; Wendel et al., 
unpubl.). Since their relative exact phylogenetic positions are not exactly determined, only the 
previously accepted five polyploid cotton species and their phylogenetic relationships are 
included and illustrated in Figure 1.   
 
 
Figure 1. The evolutionary history of diploid and allotetraploid cotton species. Images of a 
single seed with attached trichomes (“cotton fiber”) are shown from A-genome G. arboreum and 
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D-genome G. raimondii. Other five polyploid species are listed under the “AD Genome” panel 
after the most recent polyploidy event (1-2 MYA). 
 
It recently has been demonstrated that in both cotton diploid species (G.arboreum and G. 
raimondii) and polyploid speices (AD1 and AD2 cotton), orthologs and homoeologs of different 
genes often have different expression level for some genes and tissues (Flagel et al. 2008; Flagel 
and Wendel 2010; Grover et al. 2012; Yoo et al. 2013) This variability and the flexibility of gene 
expression between diploid orthologs and among different polyploid homoeologs are expected to 
be related to small RNA regulation or even the cytonuclear accommodattion.  
 
From the aspect of available genomic resources and other analysis tools, cotton is an 
excellent model. Over the past decade, extensive genetic and genomic tools have been developed 
for Gossypium, including BAC libraries, genetic maps, and an extensive collection (~5,000,000) 
of ESTs from the A- and D-genome diploids and allopolyploid (AD-genome) cotton. More 
importantly, the high-quality genome assemblies of the two representative cotton species, 
including G. arboreum and G. raimondii, were also completed and released in the last two years. 
Based on these genome assemblies, further available deep sequencing data of small RNA 
libraries and RNA transcripts of genes from diploid and polyploid cottons allows us to directly 
quantify the expression level of featured elements in diploid parents and their allopolyploid 
derivatives.Facilitated by these tools and resources, the aforementioned two unexplored 
dimensions in cotton diploids and polyploids become experimentally approachable. 
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Other four allopolyploid lineages as the extention models  
In addition to cotton, there are many other well-known polyploid lineages, which have 
stablized polyploid species and representative extant diploid parental species (closely resembling 
the diploid parents of the allopolyploids). To confirm whether our findings in cotton would be 
observed for rubisco evolution in other polyploids, the previous cytonuclear coevolution analysis 
using Rubisco genes can be further extended to other recent polyploid lineages. Four 
representative polyploid lineages were chosen here, specifically  Arabidopsis, Arachis (peanut), 
Brassica (cabbage), and Nicotiana (tobacco) (Koch et al. 2000; Inaba and Nishio 2002; Chase et 
al. 2003; Jakobsson et al. 2006; Seijo et al. 2007; Leitch et al. 2008; Higgins et al. 2012; Bertioli 
et al. 2013). In addition to including clear allopolyploids, these genera also have clear 
phylogenetic relationships and evolutionary timing of diploid divergence and polyploid 
formation, well-assembled diploid genome sequences and EST databases, and abundant public 
available deep-sequencing expression data. Detail information about each of these genera is 
summarized in Figure 2 below and Table S2 in Chapter 3. Together with the findings from 
cotton, the general significance and commonality with respect to cytonuclear evolution in plant 
allopolyploids could be revealed. 
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Figure 2.  Diploid divergence and polyploid formation in well-known polyploid lineages. For 
each polyploid lineage, representative diploid and polyploid species are included in each panel, 
where the diploids representing the maternal and paternal parents and the polyploid species are 
connected by orange, green, and blue lines, respectively. The species names are abbreviated as 
shown in Chapter 3. Beneath each species name, the genome size of each diploid and polyploid 
species is listed. The divergence time of diploids and polyploid formation timepoint are denoted 
at corresponding nodes.  
 
Objectives 
My research objective is to explore cytonuclear coevolution in cotton and four other 
exemplar polyploid lineages and also deepen our understanding about the evolution of small 
RNAs in divergent parental cotton diploids. Specific objectives are listed below: 
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About the cytonuclear coevolution 
1. To characterize the composition and evolution of Rubisco component genes 
(rbcS/rbcL) in different allopolyploid lineages (during diploid divergence and allopolyploid 
formation) 
2. To describe in the context of allopolyploidization (genomic merger and genome 
doubling), any cytonuclear coevoution/accommodation in rbcS/rbcL genes at both genomic 
and transcriptional levels 
3. To explore any consistent cytonuclear coevolution mechanisms employed by 
different allopolyploid lineages 
About small RNA evolution 
4. To characterize evolutionary divergence of miRNA genes and their targeted genes 
during diploid cotton divergence in terms of biogenesis, composition, and expression 
5. To describe the distribution of siRNAs and explore the relationship between 
siRNA biogenesis and certain features of their source elements in the cotton genome. 
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CHAPTER 2 
THE CYTONUCLEAR DIMENSION OF ALLOPOLYPLOID EVOLUTION: AN 
EXAMPLE FROM COTTON USING RUBISCO 
 
A paper published in Molecular Biology and Evolution, 2012, 29(10): 3023–3036 
Lei Gong, Armel Salmon, Mi-Jeong Yoo, Kara K. Grupp, Zining Wang, Andrew H. Paterson 
and Jonathan F. Wendel 
 
Abstract   
During allopolyploid speciation two divergent nuclear genomes merge yet only one 
(usually the maternal) of the two sets of progenitor organellar genomes is maintained. Rubisco 
(1,5-bisphosphate carboxylase/oxygenase) is composed of nuclear-encoded small subunits (SSUs) 
and plastome-encoded large subunits (LSUs), providing an ideal system to explore the 
evolutionary process of cytonuclear accommodation. Here we take initial steps in this direction, 
using Gossypium allopolyploids as our model. Small subunit copies from divergent (5-10 million 
years) progenitor diploids (“A” and “D” genomes) were combined at the time of polyploid 
formation 1-2 million years ago, with the large subunit encoded by the maternal, A-genome 
parent. Large subunit genes from A- and D-genome diploids and AD-genome allopolyploids 
were sequenced, revealing several non-synonymous substitutions and suggesting the possibility 
of differential selection on the nuclear-encoded rbcS partner following allopolyploid formation. 
Sequence data for the rbcS gene family revealed NRHR (Non-Reciprocal Homoeologous 
Recombination) between A- and D- rbcS homoeologs in all polyploid species but not in a 
synthetic, intergenomic, F1 hybrid, demonstrating “gene conversion” during allopolyploid 
evolution. All progenitor rbcS genes are retained and expressed in the five extant allopolyploid 
species, but analysis of the leaf transcriptome showed that A-homoeologs are preferentially 
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expressed in both the allopolyploid and hybrid, consistent with the maternal origin of rbcL. 
Although rbcS genes from both progenitor genomes are expressed, some appear to have 
experienced mutations that may represent cytonuclear co-evolution. 
 
Introduction 
Polyploid speciation involves the presence of two or more diploid parental genome sets 
within an organism without a change in the accompanying plastid and mitochondrial genomes. 
Polyploidy may occur via autopolyploidization, by multiplying a single genome, or via 
allopolyploidization, by combining divergent genomes (Soltis and Soltis 2000; Wendel 2000; 
Wendel and Doyle 2005). Recent analyses have demonstrated that all angiosperms have 
experienced at least one episode of polyploidy in their past, with many lineages having 
undergone repeated cycles of genome doubling (Wendel 2000; Cui et al. 2006; Jiao et al. 2011b). 
In contrast to autopolyploids, which often exhibit subtle genomic and transcriptomic changes 
(Ozkan et al. 2006; Stupar et al. 2007; Parisod et al. 2010), allopolyploids often experience a 
diverse array of fascinating and complex genomic alterations, including homoeologous 
exchanges, non-Mendelian loss of genes or non-genic DNA, and epigenetic modifications (Liu 
and Wendel 2003; Adams and Wendel 2005b; Chen 2007; Doyle et al. 2008; Leitch and Leitch 
2008; Jackson and Chen 2010). At the gene expression level, allopolyploidy is accompanied by 
various forms of non-additivity, genomic dominance, and biased expression (Adams and Wendel 
2005a; Gaeta et al. 2007; Ha et al. 2009; Rapp et al. 2009a; Salmon et al. 2010b).  
 
In addition to the genomic and transcriptomic alterations that occur in response to 
genome merger and doubling, cytonuclear accommodation would seem to be an important and 
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understudied aspect of allopolyploid evolution, given the complex coordination between the 
nuclear, plastid, and mitochondrial genomes (Taylor 1989; Leon et al. 1998). During 
allopolyploid speciation, two different nuclear genomes merge, yet only one (usually the 
maternal) of the two sets of progenitor organellar genomes is maintained. Thus, the 
stoichiometry between organellar and nuclear genes is altered and two divergent regulatory 
hierarchies become combined, potentially resulting in physiological disruptions. Relatively little 
is known about this cytonuclear dimension of polyploid evolution, although based on gene 
balance theory (Birchler and Veitia 2007; Birchler and Veitia 2010) and the common observation 
of cytoplasmic male sterility in interspecific hybrids (Schnable and Wise 1998), it seems likely 
that cytonuclear coevolution is a significant aspect of the stabilization and evolution of 
allopolyploid lineages. 
 
Rubisco (1,5-bisphosphate carboxylase/oxygenase), which derives from nuclear-encoded 
small subunits (SSUs) and plastome-encoded large subunits (LSUs), provides a useful model for 
exploring the evolutionary process of cytonuclear accommodation. Small subunits encoded by a 
nuclear rbcS multigene family are translated in the cytoplasm and are imported into the 
chloroplast, where rbcL is transcribed and translated as the large subunit (Rodermel et al. 1996b). 
Assembled octamer holoenzymes of SSU and LSU are responsible for carbon fixation during 
photosynthesis. Here we describe aspects of the rubisco system and cytonuclear coordination in 
allopolyploid cotton (Gossypium). Gossypium is an excellent model for studying this cytonuclear 
“shock” because of the well-documented formation of natural allopolyploid (AD genomes; 2n = 
52) cottons ~1-2 million years ago (mya) from hybridization between an A genome (2n = 26), 
African species much like modern G. arboreum (A2) and a D genome (2n = 26), American 
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species similar to modern G. raimondii (D5) (Senchina et al. 2003; Wendel and Cronn 2003; 
Wendel et al. 2009; Wendel et al. 2010b). Five allotetraploid cotton species are widely 
recognized, including the two cultivated species G. hirsutum (AD1), or ‘Upland cotton’, and G. 
barbadense (AD2), or ‘Pima’ cotton. In addition to these two economically important species, 
three wild species are known: G. tomentosum (AD3) from Hawaii, G. mustelinum (AD4) from 
NE Brazil, and G. darwinii (AD5) from the Galapagos Islands. At the time of polyploid 
formation, rbcS copies from two divergent genomes (“A”, “D”) were combined, yet with only 
the maternal A large subunit copy in the cytoplasm. Gossypium arboreum and G. raimondii, the 
extant diploids most similar to the ancient A- and D- parents (Wendel et al. 2009; Wendel et al. 
2010b), respectively, are also available to facilitate identification of the duplicated A- and D-
specific gene copies and transcripts (homoeologs) in the natural allopolyploids.  
 
Here we characterize the rubisco system in diploid and allopolyploid cotton. By 
analyzing the genomic composition and expression of rbcS in hybrid and allopolyploid 
Gossypium, we demonstrate post-polyploidy gene conversion of nuclear homoeologs and biased 
rbcS expression in the direction predicted by the organellar composition of allopolyploid cotton. 
We show that biased accumulation of rbcS transcripts from the maternal nuclear genome occurs 
in all wild and cultivated allopolyploids, as well as in a synthetic, intergenomic, diploid F1 
hybrid.   
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Materials and Methods 
Plant materials 
Fully expanded leaves were collected from six diploid cottons [G. herbaceum (A1), G. 
arboreum (A2), G. armourianum (D2-1), G. davidsonii (D3-d) , G. raimondii (D5), and G. 
gossypioides (D6)], a laboratory synthesized A genome X D genome F1 hybrid (A2×D5), and 
from five allopolyploid cottons [G. hirsutum cv. Acala Maxxa (AD1), G. barbadense cv. Pima 
S6 (AD2), G. tomentosum WT936 (AD3), G. mustelinum 15C (AD4), and G. darwinii PW45 
(AD5)]. For purposes of phylogenetic reconstruction, we included the outgroup species 
Gossypioides kirkii (Seelanan et al. 1997). All lines were grown in the Pohl Conservatory at Iowa 
State University. After washing with DEPC-treated water, each sample was divided into three 
parts, one for DNA extraction, one for RNA extraction, and the third for isolation of chloroplasts. 
 
DNA & RNA extraction and cDNA synthesis 
DNA was extracted using Qiagen DNeasy Plant Maxi Kit, following the manufacturer’s 
recommended protocol (Cat. No. 68163). RNA was extracted from leaves of some of these 
accessions (excluding A1, D2-1, D3-d and D6), using the Concert™ Plant RNA Reagent (Cat. 
No. 12322-012), followed by an additional equal volume of Phenol:Chloroform (Ambion Cat.No. 
9720) purification and RNA precipitation with isopropyl alcohol. DNase treatment was 
performed on 10ug of each RNA sample as specified in the protocol provided for DNase I 
digestion (New England Biolabs Inc. Cat. No. M0303S). RNA samples were reverse-transcribed 
into single stranded cDNA by utilizing the SuperScriptTM III First-Strand Synthesis System for 
RT-PCR provided by Invitrogen (Cat. No. 18080-051).   
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Primer design, cloning, sequencing and genomic mapping 
rbcL cloning in A2, AD1, D3, D5 and Gossypioides kirkii 
rbcL sequence data were obtained from GenBank for G. barbadense (NC_008641.1), G. 
hirsutum (NC_007944.1), and G. thurberi (NC_015204.1). From these data, conserved 5’UTR 
and 3’UTR regions were retrieved, and primers were designed to amplify full-length rbcL 
sequences (rbcL-sense: 5’-ATGAGTTGTAGGGAGGGA-3’; rbcL-anti: 5’-
GATGGGTAGAAGAAGTTGTG-3’). 
 
Each 20µl PCR reaction contained 1×Taq DNA polymerase buffer (Invitrogen), 1.5 mM 
of MgCl2, 200µM of deoxynucleoside triphosphates, 0.5µM of each primer, 1 unit of Taq DNA 
polymerase (Invitrogen) and 100 ng of total DNA (containing the chloroplast genome).  
Amplification used 94℃ for 5 min, 35 cycles of 94℃ for 30 s, 50℃ for 30 s and 72℃ for 1 min 
30 s, and a final extension at 72℃ for 10 min. 
 
Amplified products were visualized via agarose (1%) gel electrophoresis. Bands of the 
expected size were excised from the gel, and purified using the Wizard® SV Gel and PCR Clean-
Up System (Promega, Cat. No. A9285). Gel-purified samples were cloned using the TOPO TA 
cloning kit for Sequencing (Invitrogen, Cat. No. K4575-01). Since the expected size of rbcL 
(approximately 1500 bp) is longer than one Sanger read, sequencing reactions were performed 
from both ends of the ligated rbcL fragments in the plasmid, using M13 reverse and T7 primers. 
 
rbcS cloning and genomic mapping 
 
At present, rbcS has been sequenced and characterized from a number of species 
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including several Gossypium species (Meagher et al. 1989; Sagliocco et al. 1991). Sequence 
information from the CDS region of the rbcS subunit in G. hirsutum (X5409) was downloaded 
from NCBI. It was utilized as query sequences, with blastN, to search for homologous contigs 
from our Cotton-32 EST Contig Database (Udall et al. 2006) using cutoff e-value < 1e-10. Based 
on the Clustal-W alignment of those contigs with corresponding ESTs (Figure S1), degenerate 
primers located at start and stop codons were designed (sense 1-23: 5’-
ATGGCYTCCTCMATGATHWHATC-3’and antisense 528-549: 5’-
TTADDANCCTKBAGGSTTGKAG-3’).  
 
We utilized the same PCR reaction system as specified above to amplify the rbcS copies 
from all diploid species (A1, A2, D2-1, D3-d, D5, D6 and Gossypioides kirkii). In addition, a 
touch-down gradient annealing program was adopted to ensure specific amplification. An initial 
denaturation at 94℃ for 5 min was followed by 10 cycles of touch-down annealing: 94℃ for 30 s, 
60℃ for 30s for 1st cycle (minus 1℃ per cycle until the 10th cycle at 51℃ for 30s) and 72℃ for 1 
min 30 s. Another 25 cycles at 94℃ for 30s, 51℃ for 30s and 72℃ for 1 min 30 s, were followed 
by a final extension at 72℃ for 10 min. Sequence data were obtained by Sanger sequencing, 
performed at the Iowa State University Sequencing Facility.  
 
As the cloned rbcS copies were not full-length, it was necessary to synthesize another set 
of primers targeting the 5’ and 3’ UTRs. These primers were obtained from ongoing sequence 
capture experiments in our laboratory (unpublished data). Array-based and solution-based 
sequence capture technologies rely on small oligo“baits”, to “capture” and isolate homologous 
sequence from libraries of sheared genomic DNA (http://www.nimblegen.com/products/seqcap/;   
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http://www.mycroarray.com/products/myselect.html), and provide an elegant solution for 
producing full length, targeted gene sequence data. Sequence capture bait probes were designed 
using the cloned partial rbcS genomic sequences, targeting rbcS in wild (accession TX2094) and 
domesticated (cv. Acala Maxxa) G. hirsutum. Following capture and subsequent sequencing, 
primers were designed to amplify full length rbcS from all other species used in this study except 
A1, D2-1, D3-d and D6. PCR conditions were as described, with the exception that the number 
of cycles was decreased to 22 cylces, to help to limit PCR recombination (Judo et al. 1998; 
Cronn et al. 2002). 
 
A high-quality, draft assembly of the G. raimondii (D5) genome sequence (Paterson AH 
et al, unpublished data), to which all available genetically-mapped DNA markers had been 
anchored based on a consensus genetic map described elsewhere (Rong et al. 2005), was used to 
determine the approximate chromosomal locations of full-length rbcS genes. The gene sequences 
were used in blast searches against the D-genome sequence and were assigned locations in the 
D-genome chromosomes based on having a query length ≥ 95%, an identity ≥ 97.81%, and an e-
value ≤ 1e-61. 
 
rbcS transcript cloning 
rbcS transcripts were cloned from their RT-PCR products using single stranded cDNA as 
the template (10 ng per reaction) and the previous described primers designed for the full-length 
genomic rbcS. Samples were gel-purified and cloned prior to obtaining sequence data via Sanger 
sequencing at the Iowa State University DNA sequencing facility. 
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Sequence alignment, calculation of substitution rate and phylogenetic reconstruction 
Alignments of all cloned rbcL coding sequences and of all full-length or partial rbcS 
copies were completed by using Clustal-W program. These data were used as input matrices for 
calculation of substitution rate and phylogenetic analysis using maximum parsimony. 
Synonymous and non-synonymous substitution rates (Ks and Ka) were calculated using DnaSP 
5.00.07 (Librado and Rozas 2009).  
 
Detection of homoeologous single nucleotide polymorphisms and nonreciprocal homoeologous 
recombination (NRHR) events  
Species-specific and genome-diagnostic SNPs were inferred from the alignment of full-
length genomic rbcS orthologs in parental diploids and homoeologs in hybrid and allopolyploids. 
As shown by Salmon et al. (2010), genome-diagnostic SNPs (here termed homoeo-SNPs) are 
useful for detecting putative homoeologous recombination events in hybrid and allopolyploid 
cottons (Salmon et al. 2010a). A custom perl script was written to identify regions of 
recombination. Only recombinants occurring in at least 25% of the total cloned sequences were 
accepted as true “gene conversion” events, with confirmation from independent amplification 
reactions to eliminate the possibility of PCR-recombination artifacts. The conversion regions or 
points that occurred in only one direction (“from A to D homoeolog”  or “from D to A 
homoeolog”) would be considered non-reciprocal recombinations.  
 
Small subunit transcript levels based on RNAseq 
Three biological replicates were prepared for A2, D5, the F1 hybrid and AD1. Each 
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replicate contained three 3cm-length, 7th leaves from newly germinated seedlings of each species 
except F1 hybrid. As F1 hybrid is sterile, we used the young leaf tissue (also 3cm length) 
collected from vegetatively reproduced F1 hybrid. RNAs of each sample were extracted using 
the RNeasy Plant Mini Kit (Qiagen, Cat. No. 74904), and their quality and concentration were 
determined using the Agilent RNA 6000 Nano kit (Agilent, Cat. No. 5067-1511) on a 2100 
Bioanalyzer (Agilent). High-quality RNAs were reverse transcribed into cDNA via the random 
primer amplification method. Indexed DNA sequencing libraries were constructed following the 
suggested protocol (Nagalakshmi et al. 2010). The libraries were sequenced on the Illumina 
Genome Analyzer II-x sequencers with 80 nucleotides of single read at the Genomics Core 
Facility at the University of Oregon. Raw reads were classified into the correct species group 
according to their indexed flanking nucleotides. After trimming off the adapters, fastaq formatted 
reads from each library (corresponding to certain replicate of certain species) were readied for 
mapping. 
 
We manually made three reference genome files containing full-length rbcS cDNA 
sequences obtained from sequenced clones of A2, D5, the F1 hybrid, and the allotetraploid AD1, 
respectively. The raw reads of each replicate from each species were mapped onto the 
corresponding reference file using the Burrows-Wheeler Alignment Tool (Li and Durbin 2009). 
We adopted the algorithm designed for mapping short query reads up to ~200bp by using “bwa 
aln” command with zero mismatch to allow for BWA alignment. All other commands were input 
following the BWA tools manual with default parameters.  
 
To quantify the expression of rbcS orthologs and homoeologs, we utilized the sequence 
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alignment/map format tools (Li et al. 2009) to manipulate the SAM files generated by the BWA 
mapping tool. The SAM files were converted into bam files, which only included the reads with 
mapping quality values (MAPQ) equal or larger than 30.  
 
For the A2 and D5 libraries, the total number of mapped reads to the corresponding rbcS 
reference file for each library was used as the expression estimation of rbcS in the diploids. For 
the F1 hybrid and AD1 libraries, we used the pileup command implemented in SAMtools and 
summarized the read number at specific nucleotide sites, based on homoeo-SNPs detected in the 
F1 hybrid and AD1. This procedure allowed us to calculate the number of reads covering A-
genome homoeo-SNPs and D-genome homoeo-SNPs. These values represented the A- and D-
rbcS homoeolog expression levels, respectively, in hybrid and allotetraploid species.  
 
Statistical analysis  
In both the F1 hybrid and allopolyploid cotton, the expression level of A- (or D-) rbcS 
homoeologs can be modeled as the number of A- (or D-) genome reads in a sequence of “n” 
independent yes/no A- (or D-) rbcS experiments, each of which yields probability p for A-rbcS 
and q for D-rbcS. Here, the number “n” represents the total read number of all rbcS homoeologs 
in each sample. The probabilities p and q represent the expression proportions of A- rbcS and D- 
rbcS at the time when allopolyploidization occurred. These probabilities of expressed A-rbcS or 
D-rbcS are expected to follow the binomial distribution. By utilizing the A- or D- homoeolog 
read numbers as the observed numbers of successful events, we can calculate significance levels 
associated with deviations from expectations. In other words, we can analyze whether there is 
any biased or selective expression for A-rbcS or D-rbcS in the intergenomic F1 hybrid and in 
  
 
33
allopolyploid cotton. We assumed that the expression ratio of rbcS between A- and D- diploid 
progenitors was additive (or maintained) when allopolyploids initially formed. Because we do 
not know the expression status of A- and D- rbcS in the actual progenitors, we use extant A- and 
D-diploids as proxies. Thus, the null hypothesis for the expression ratio of A- and D- rbcS 
homoeologs is determined based on the expression levels observed in extant A- and D- genome 
diploids. We calculated the percentage of expressed rbcS orthologs in the transcriptomes of A2 
and D5; a t-test based on those percentages was performed to check whether p (A2 expression) is 
significantly different from q (D5 expression). If p is not significantly different than q, then we 
can use p=q=0.5 as the null hypothesis to test for biased expression of A- or D- homoeologs in 
the hybrid and allopolyploid, which means we can assume equal expression levels.  
 
Results 
Divergence between A- and D- genome large subunit gene sequences 
Overall, an average of 19 clones for each species was bi-directionally sequenced (Table 
S1), leading to the alignment shown in Figure S2. Sequences were deposited in NCBI GenBank 
with accession numbers JQ034247 to JQ034251. Synonymous substitution rates (not shown) 
varied from 0.42% (A2 vs. AD1) to 0.83% (A2 vs. D3 or D5 and AD1 vs. D3 or D5). As 
expected, non-synonymous substitution rates were lower, ranging from 0.0% (A2 vs. AD1) to 
2.08% (A2 vs. D5); the average non-synonymous substitution rate of A- versus D- rbcL 
sequences was 1.88% (A2 vs. D3=1.67%; A2 vs. D5=2.08%) (Table1). Non-synonymous 
substitutions were clustered at the 3’-end of the genes, as shown (Table 1, Figure S2).  
 
A maximum parsimony phylogenetic tree of rbcL was constructed illustrating the amino 
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acid substitutions that have accompanied organismal divergence (Figure 1). Notably, the 
diverged amino acids were clustered at the C- and N-terminals of the LSU (positions 478, 479 
and 480 at the C-terminal end, and sites 28 and 86 at the N-terminal end), which are near the α/β 
barrel active sites. At the region 20 Å away from the active site in which small subunits (SSUs) 
can interact with the LSU (around positions 221 to 290), divergent amino acids were also 
clustered, which thereby could potentially influence large subunit catalysis (Spreitzer et al. 2005; 
Genkov and Spreitzer 2009). Thus, in both the diploid F1 hybrid and the allopolyploid, if the A-
genome and D-genome SSUs have diverged in a manner that influences this key protein 
interaction, we might expect evolutionary compensation in either or both the SSU and LSU, such 
that efficient rubisco function is maintained. 
 
Partial and full-length genomic rbcS genes 
Partial rbcS sequences from diploid cottons (Table S2) were aligned, as shown (Figure S3) 
(GenBank accession numbers JQ034293 to JQ034304). In accordance with the conserved 
exon/intron structure of plant rbcS genes (Clegg et al. 1997), all Gossypium rbcS genes have two 
introns and three exons. As expected, most indels and substitutions occur in the introns (Figure 
S3). In each species, there was either one or two rbcS genes that have a 9-nucleotide gap in the 
first exon. These genes are hereafter referred to as short rbcS copies, with sequences not having 
the gap comprising the long copies. 
 
Contigs (Table S3) assembled from the sequence capture reads in G. hirsutum (cv. Acala 
Maxxa and accession TX2094) were aligned and are shown in Figure S4, where the 5’-UTR and 
3’-UTR regions are also annotated. Full-length genomic rbcS genes from A2 and D5 were 
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aligned and are shown in Figure 2. All previously cloned, partial rbcS copies were detected in the 
full-length, cloned rbcS sequences (GenBank accession numbers JQ034252 to JQ034256); that is, 
no novel rbcS genes were detected by the primers amplifying full-length rbcS copies. As we 
previously observed in the alignment of the partial rbcS orthologs, most genomic variation 
occurred within the two introns (nucleotide positions 186-286 and 421-512). All comparisons 
between the long and short rbcS copies exhibited more substitutions than within-group (long or 
short) rbcS genes (Table 2), consistent with the phylogeny modeled in Figure 3. Only a few 
substitutions were observed within groups, even among different species of cotton. For example, 
there were 76 polymorphic intron positions between A2 long and short paralogs. However, 
between A2 short paralogs, only 17 polymorphic positions were observed. Even between A2 and 
D5 short orthologs, we found only 28 polymorphisms.  
 
All predicted parental rbcS orthologs were maintained in the synthetic diploid F1 hybrid 
without any genomic changes. Conversely, in all five AD allotetraploids, a number of 
substitutions were observed in the A- and D- homoeologs, discussed below under “Non-
reciprocal homoeologous recombination”. 
 
rbcS gene family structure in A- and D- diploid species 
We mapped each rbcS gene in G. raimondii to its genome sequence using blastn. A single 
long rbcS was detected (chromosome 11, 372649-373390). However, evidence below from 
cloned sequences suggests that each diploid actually contains two long copies. It is possible that 
a second, identical, long rbcS copy exists and was not detected in the current genome assembly, 
due to insufficient read coverage or ambiguous assembly around identical or nearly identical 
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tandemly repeated long rbcS genes. Alternatively, one long rbcS gene was lost in G. raimondii 
subsequent to its divergence from the actual D-genome donor (which contained two long copies) 
to allopolyploid cotton. A final possibility is that a single D-genome copy exists in both G. 
raimondii and the actual D-genome donor, with the independent re-duplication of this copy 
following polyploid formation. Of these three scenarios, we view the first as most parsimonious 
and hence used in the interpretation in Figure 3 (duplicate long rbcS genes in red, indicated as 
being homogenized by ongoing gene conversion). 
 
Mapping data for the short rbcS genes were consistent with the sequence data and the 
gene tree modeled in Figure 3. Specifically, two copies are tandemly arranged on chromosome 1 
(5890424-5889715 and 5909906-5910615). This indicates that two short-lineage rbcS copies 
exist in D5 genome, and that these too have been subjected to sequence homogenization via a 
concerted evolutionary process (Elder and Turner 1995), as previously reported for rbcS in other 
species (Meagher et al. 1989). 
 
From the foregoing, we infer that there are four basal rbcS genes (two short and two long) 
in the rbcS gene family in Gossypium (Figure 3). Given the absence of detection of the short 
copies in the outgroup, Gossypioides kirkii (Table S2), a likely scenario (but not the only one) is 
that the two short rbcS copies arose by an ancient gene duplication with the subsequent 
accumulation of the deletions that diagnose the “short” subfamily. Because of frequent gene 
homogenization, the duplicates apparently have evolved “in concert”, rendering difficulty in their 
independent detection from sequencing genic clones. Occasional escapes from concerted 
evolution, whereby sequence divergence surmounts sequence homogenization, permits the 
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detection of the two short (or long) paralogs. This, in fact, is our interpretation of the situation for 
the two detected short rbcS genes in G. arboreum (A2), G. herbaceum (A1), and in G. davidsonii 
(D3-d).  
 
Transcripts of rbcS genes in diploid G. arboreum (A2) and G. raimondii (D5)  
Sequences from rbcS cDNAs are aligned and shown in Figure 2, confirming the inferred 
intron positions. All detected rbcS orthologs found in A2 and D5 (Figure 2 and Table S4), all 
expected copies in the intergenomic A2 X D5 hybrid, and all homoeologs in all five 
allotetraploid species (Figure 7 and Table S4) were expressed. Maximum substitutional 
differences (up to 39) were found in comparisons of long vs short rbcS copies, even within 
species, consistent with the inferred genic phylogeny (Figure 3). Within the long and short 
groups of cDNA sequences, fewer substitutions were detected; for example, within the long 
group only 17 substitutions distinguish A2 from D5, whereas within the short group (A2-Short-
cDNA1 vs. D5-Short-cDNA and A2-Short-cDNA2 vs. D5-Short-cDNA), 10 and 12 differences 
were detected, respectively. Although there was some variation in the proportion of synonymous 
to nonsynonymous differences among pairwise comparisons, the average ratio was about 3:1 (a 
total of 198 synonymous and 69 nonsynonymous substitutions; Table 3).  
 
As shown in the protein alignment (Figure 4), four amino acids were present in A2 and 
D5 rbcS that distinguished long rbcS copies from short rbcS copies (henceforth group-specific 
amino acids). For example, at amino acid position 66, both A2 and D5 long orthologs have a 
leucine, but all short group copies have threonine. In addition, there were two amino acid 
positions that were species-specific to A2 and D5, respectively. The first example of this is at 
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amino acid position 116, where all A2 paralogs have serine but all D5 have asparagine. The 
second example is at position 144, where A2 copies have a glutamate, but all D5 copies have a 
lysine. These two amino acids correspond to the homoeo-SNPs at genomic nucleotide positions 
540 and 623, respectively (Figure 2).  
 
It has been demonstrated that the loop between the βA and βB strands in the SSU is the 
region where the SSU and LSU interact. This region, therefore, has an important impact on 
rubisco CO2/O2 specificity and other catalytic properties (Wasmann et al. 1989; Spreitzer et al. 
2005; Genkov and Spreitzer 2009). Using the spinach βA and βB regions as our reference SSU, 
we located the loop between β-strands A and B (Figure 5) in Gossypium rbcS. One of the 
species-specific amino acid sites, amino acid position 116, was found to be located within the 
loop between β-strands A and B. Except for this specific amino acid difference, other parts of the 
loop were identical in all orthologs of A2 and D5. 
 
Non-reciprocal homoeologous recombination 
As expected based on the interpretation of Figure 3, we found four A-genome rbcS 
homoeologs (two long and two short) and four D-genome rbcS homoeologs (two long and two 
short) in the allopolyploids (GenBank accession numbers JQ034257 to JQ034292). Using 
homoeo-SNPs that distinguish orthologous genes from the diploid parents, it was possible to 
determine the parental origin of each rbcS homoeolog in the allopolyploids (Figure 6), and as an 
extension of this, the amount and type of genetic changes that have taken place since polyploid 
formation.  
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Compared with G. arboreum (A2) and G. raimondii (D5), two additional long 
homoeologs were detected in the allotetraploids. As discussed above, our favored interpretation 
of this observation is that they escaped detection in the diploids due to a high frequency of gene 
conversion; the alternative of multiple duplication following polyploidy is considered highly 
improbable, given the largely additive nature of polyploid cotton with respect to its diploid 
progenitors (Senchina et al. 2003; Grover et al. 2004). 
 
Interestingly, nucleotide substitutions in the long rbcS A homoeologs in the 
allopolyploids were diagnostic of the paternal D-genome, based on their homoeo-SNPs (Figure 
6a). Conversely, all of the D-genome rbcS homoeologs exhibited a fair amount of genetic 
variation compared to the paternal diploid rbcS copies around regions IV, V, VI, and VII listed in 
Table 4. All of these regions contained A-genome homoeo-SNPs (Figs. 6b and 6c). This pattern 
of substitutions is characteristic of a gene conversion process, or more formally, non-reciprocal 
homoeologous recombination (NRHR), as has recently been reported for cotton (Salmon et al. 
2010a). Since the gene conversion regions are diagnosed based on homoeo-SNPs identified from 
the diploid parents, it is not possible to pinpoint conversion endpoints, or potential conversions 
that occurred in conserved regions. Thus, the breakpoints of our detected converted region or 
points represent the minimal estimate with significant NRHR signal. As shown in Table 4, except 
for the conversions around positions 457 and 731, all other recombinations were non-reciprocal, 
as reported previously for other genes (Salmon et al. 2010a). 
 
A notable feature of the gene conversion process is that most inferred events occurred 
between homoeologs of same group, either long or short (Figs. 6a-6c). Again using G. hirsutum 
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as an example, for the two long copies in the A genome of polyploid cotton (AD1-A-Long 1 and 
AD1-A-Long 2), six NRHR events out of a total of seven NRHR events (85.71%) occurred 
between A-long and D-long copies, without the involvement of a short homoeolog (Figure 6a). 
The same phenomenon was observed in other gene conversion events in other homoeologs of 
AD1 (Table S5). 
 
Gene conversion was also discovered to have generated non-synonymous amino acid 
substitutions (Figure 7). For instance, at the loop between βA/βA strands in all five 
allopolyploids, the D homoeolog-specific amino acid asparagine was converted to serine, which 
was the amino acid at this location in the A-genome. This type of consistent conversion from one 
parental type to the other was rare, as no additional instances of this type of conversion were 
detected. The amino acid conversion is the result of genome-specific SNP conversion in all D-
homoeologs from “A” (resulting in an asparagine residue) to “G” (resulting in a serine residue). 
Notably, this same conversion of D-homoeologs to the A-homoeolog type at the βA/βA loop 
region was observed in all other four allotetraploids (Table S6), suggesting that it occurred early 
in allopolyploid evolution. 
 
To assess whether NRHR events were restricted to the early stages of allopolyploid 
genome stabilization or, instead, occurred more evenly during and after allopolyploid speciation, 
we evaluated the NRHR events represented in Tables 4 and S6 in a phylogenetic context (Figure 
8), using the well-established phylogeny of allopolyploid cottons (Wendel and Cronn 2003; 
Wendel et al. 2009; Wendel et al. 2010b). This showed that most of the NRHR events were 
shared by all or most species. Conversion events I, VI and VII were detected in all five polyploid 
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species, event II was shared by AD1, AD3, and AD5, and event III was shared by AD1, AD2, 
AD3, and AD5. A few NRHR events were not detected in the AD2 and AD5 lineages. 
Specifically, II was not observed in AD2, V was not observed in AD5, and IV was not observed 
in both AD2 and AD5. 
 
Expression of duplicated SSU genes in hybrid and allotetraploid cottons 
To understand how duplicated SSU genes are utilized following genome merger and 
doubling, reads of three RNAseq replicates from the two progenitor genomes A2 and D5 were 
first mapped to our Cotton-46 EST contig database. By mapping the raw reads to the full-length 
A2 and D5 rbcS reference files, we were able to estimate the expression level of rbcS orthologs 
in each species, from which percentages of the expressed rbcS orthologs in each species were 
calculated (Table 5).  
 
No significant difference in rbcS expression was observed between the two diploids A2 
and D5 (t-test p-value = 0.38). This suggests that rbcS genes were transcribed at comparable 
levels in the A- and D-genome progenitors that gave rise to modern allotetraploid cottons. 
Accordingly, we used equal expression probabilities (see materials and methods) as the null 
hypothesis in statistical tests for biased expression of rbcS homoeologs in hybrid and 
allotetraploid cottons. 
 
As previously mentioned, hybrid cotton was additive with respect to genomic 
composition of rbcS compared with the orthologs in its parental A2 and D5 species. Two species-
specific SNPs were detected (Figure 2): one at position 347 in the cDNA sequence 
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(corresponding to position 540 in the genomic alignment), where A2 orthologs have a G but D5 
orthologs have an A; and a second at position 430 locus in the cDNA sequence (corresponding to 
position 623 locus in the genomic alignment), where A2 orthologs have a G but D5 orthologs 
have an A. Importantly, these SNPs distinguish all paralogs, both long and short, from the A and 
D genomes, and thus, these two species-diagnostic SNPs can be used to estimate homoeolog 
expression in the F1 hybrid. In all three replicates, the observed total expression of A-
homoeologs (abbreviated as A subtotal in Table 6) was significantly higher than that of D-
homoeologs (abbreviated as D subtotal in Table 6) in the F1 hybrid. Thus, there was a significant 
genomic bias in rbcS expression in diploid hybrid cotton, and in the direction of its maternal 
genome donor.  
 
To evaluate the possibility of biased expression in allopolyploid cotton, we took 
advantage of the observation that position 430 in the cDNA alignment (623 in the genomic 
sequence) may be used for homoeolog expression diagnosis. Consistent with the findings for the 
F1 hybrid, the same phenomena of biased expression of the A-homoeologs was also found in all 
three replicates of the G. hirsutum RNAseq libraries (Table 6).  
 
Discussion 
This study offers a description of the evolutionary history of rbcS genes in the context of 
allopolyploid speciation. The data demonstrate an ongoing pattern of gene duplication and 
interaction among rbcS genes in diploid and allopolyploid cotton, non-reciprocal recombination 
between homoeologous rbcS partners, and selective or biased expression of homoeologs from 
the maternal allopolyploid progenitor. Each of these aspects is discussed briefly below. 
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rbcS gene family evolution 
In angiosperms studied to date, the rbcS gene family contains two to eight genes. 
Concerted evolution and expansions and contractions in the number of gene copies have been 
reported (Meagher et al. 1989; Clegg et al. 1997), perhaps facilitated by tandem duplication and 
slipped-strand mispairing  (Dean et al. 1989). These processes are evident in Gossypium, where 
ancient gene duplications are suggested to have given rise to the short rbcS genes from long rbcS 
ancestors, and where sequence homogenization among similar genes (short, long) appears to be 
common. Additional insights into the dynamics of these processes should emerge as additional 
whole genome sequence information becomes available.  
 
Because homogenization via gene conversion appears to be common for rbcS evolution 
(Meagher et al. 1989; Clegg et al. 1997), it may be difficult to assess copy number. For example, 
in G. raimondii, two identical D5 short rbcS genes are tandemly located in chromosome 1. It also 
is apparent from our data, however, that occasionally sequence substitutions escape sequence 
homogenization, perhaps due to their recency or for unknown mechanistic reasons. Regardless of 
the underlying process and evolutionary dynamics, this escape from homogenization (Meagher et 
al. 1989) permits the discernment of “novel” genes. In our data, this is exemplified by the two 
short rbcS copies detected in G. herbaceum (A1), G. arboreum (A2) and G. davidsonii (D3-d).  
 
One interesting dimension of our data is the apparent near-independence between the 
long and the short rbcS lineages in both A and D genome diploid cottons. Such relative 
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independence is likely related to their different genomic locations, which we show here to be on 
chromosome 11 (long) and 1 (short), respectively. Within each cluster in each species, tandemly 
duplicated long or short copies are inferred to maintain sequence identity or near-identity via 
gene conversion, which must occur with sufficient frequency to homogenize variants that arise 
through normal mutational processes. Occasionally, as mentioned above, tandem duplicates may 
diverge from one another (Figure 3), perhaps when homogenization rates fail to match mutation 
rates, or perhaps if new paralogs become dispersed elsewhere in the genome. This latter process 
may underlie the origin of the long and short rbcS arrays reported here, an event tracing to prior 
to the origin of Gossypium. The newly dispersed copies thereby become more protected from 
gene conversion processes, an interpretation supported by the hierarchical similarity of rbcS 
genes in other species (Meagher et al. 1989; Clegg et al. 1997). Yet, despite the spatial separation 
and long divergence of the long and short rbcS arrays, occasional gene conversion between those 
arrays is implicated by the presence of two species-specific SNPs in the exons (at positions of 
347 and 430 in the cDNAs; Figure 2). Although we cannot rule out the formal alternative of 
coincidental and reciprocal nucleotide substitutions among long and short gene families in each 
species, this seems like a less parsimonious interpretation, particularly in light of the proven 
propensity of rbcS to evolve under concerted evolutionary pressure. 
 
Thus the picture that emerges for rbcS is that of a gene family that is characterized by a 
repeated history of duplication, divergence, and homogenization, with a subtle balance between 
the latter two opposing forces. One issue that remains unclear is the nature of the long rbcS gene 
family in Gossypium. The data clearly demonstrate two copies of both the A and D homoeologs 
in allopolyploid cotton (4 genes total), suggesting that each diploid donated two long copies, 
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perhaps as part of a tandem array. Yet our genome sequence for G. raimondii (D5) shows only a 
single copy, thus raising the possibility of other scenarios, including the aforementioned 
independent post-polyploidization duplication of both the A and D long homoeologs, loss of one 
long copy in the D5, and other scenarios. Notwithstanding this uncertainty in rbcS gene family 
history for the long group, it is clear that allopolyploidy has been accompanied by new 
opportunities for intergenic interaction, as shown in Figure 6, Table 4 and Table S6. This further 
emphasizes the dynamic nature of rbcS evolution in plant genomes. 
 
Cytonuclear evolution in allopolyploids  
According to cytonuclear epistasis and maternal-offspring coadaptation theory (Wolf and 
Hager 2006; Wolf 2009b), selection should favor optimal interactions between genes encoded in 
the cytoplasmic and nuclear compartments. With respect to rubisco in Gossypium F1 hybrid and 
allotetraploids, the suggestion is that differences that evolved during diploid divergence would be 
selectively optimized or altered following the merger of the two diverged diploid genomes at the 
time of polyploid formation. At this time, two suites of rbcS genes from divergent parents 
became combined in the same nucleus, yet only in the A-genome cytoplasm. One might surmise 
that the initial mismatch between large and small rubisco SSUs would generate selection 
pressure for optimizing function.  
 
One evolutionary response to this mismatch may have been intergenic sequence 
homogenization. Here we observed preferential NRHR between homoeologs of the same group, 
long or short. We propose that when the ancient neopolyploids first formed, rbcS homoeologs of 
A- and D- genome belonging to the same group (long or short group) could pair more easily than 
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those between groups, because of similar homoeologous chromosome locations. This evidence 
for homoeologous exchange is consistent with classic cytogenetic experiments, which 
demonstrate that homoeologous pairing is more frequent in synthetic Gossypium neopolyploids 
than in modern, evolutionarily stabilized allopolyploids (Endrizzi et al. 1985). In addition, most 
of the conversion events detected in rbcS genes phylogenetically map to a basal position in the 
cotton allopolyploid radiation, in contrast to previous studies which rarely found basal gene 
conversion events in nuclear encoded genes (Salmon et al. 2010a). We suggest the possibility 
that this prevalence of phylogenetically basal rbcS NRHR events reflects a selective response 
favoring enhanced cytonuclear coordination for achieving efficient photosynthesis following 
allopolyploidy.  
 
A second evolutionary response to allopolyploidy may have been gene conversion that 
became selectively stabilized because of its relationship to rubisco holoenzyme activity. 
Specifically, in the loop between βA/βB in the SSU that interacts with the LSU, there is only one 
species-specific amino acid difference between A2 and D5. In the ancient neopolyploid, this 
difference may have affected rubisco catalysis when both A- and D- SSU homoeologs were 
assembled into the holoenzyme complex (Spreitzer et al. 2005). This observation raises the 
possibility that the gene conversion observed in the D-genome SSU homoeologs in the βA/βB 
loop region, toward their A-genome counterpart forms (generating A-genome-like D-SSU around 
the loop region), had functional significance and hence became stabilized as a possible 
consequence of cytonuclear selection. A caveat to this interpretation is the possibility that the 
actual D-genome donor to the allopolyploid lacked the SSU difference (from the A-genome 
SSUs) exhibited by modern G. raimondii. Although this is a formal possibility, G. raimondii is 
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closely related to the actual D-genome donor, as shown by all sequence data (Senchina et al. 
2003; Wendel et al. 2010b). In addition, the extensive and ongoing pattern of NRHR observed in 
the study implies that the mechanistic machinery was in place for the suggested cytonuclear 
accommodation.  
 
A third evolutionary response to the merger of diverged genomes may have been 
selection for biased gene expression. Here we have shown that at the transcription level, A-
genome rbcS homoeologs are preferentially expressed, even in the F1 diploid hybrid, as well as 
in all natural allopolyploids. This is an intriguing observation, particularly in light of the 
evidence that the species-specific βA/βB loop regions in D genome SSUs were homogenized 
into forms mimicking those from the A genome, as discussed above. We note that other parts of 
the A and D SSUs remain distinct, suggesting that these might differentially affect the catalytic 
activity of the hybrid holoenzyme (A-genome LSUs assembled with D-genome SSUs) (Spreitzer 
et al. 2005). In addition, it may be that selection has operated at the promoter level, at sequence 
regions and for functional partners not studied here. 
 
Although our results are consistent with the hypothesis of cytonuclear accommodation, 
both NRHR (Salmon et al. 2010a) and expression biases (Salmon et al. 2010a) have been 
observed for genes not obviously related to the cytonuclear dimension of allopolyploidy. Thus, 
our observations might best be considered as intriguing suggestions rather than proof of 
cytonuclear coevolution during allopolyploid evolution. 
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Conclusion 
We have shown that the rubisco protein and its regulation provide an intriguing inter-
genomic model for the exploration of the process of cytonuclear coevoltuion following a 
prominent mode of speciation in plants. The use of a well-established phylogenetic framework 
and the existence of living models of the ancestral diploid donors to the new allopolyploid 
lineage make Gossypium a useful system for this analysis. We report evidence for several forms 
of potential evolutionary response to this biological reunion of diverged diploid genomes, 
including biased gene conversion and biased transcription of SSU genes from the nuclear 
genome of the maternal parent of the allopolyploids. Future research in other angiosperm 
polyploid systems and using additional protein models will provide an interesting comparison to 
the present work and shed light on this potentially significant aspect of allopolyploid speciation 
and evolution in plants. Additional insights into the process of cytonuclear coevolution will 
likely emerge from experimental studies of function, from analyses of mechanisms of SSU and 
LSU regulation at several levels (transcription, translation, import and turnover), and from 
analysis of other cytoplasmic and nuclear partner genes. 
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Figures and Tables 
 
Figure 1. Phylogenetic tree of rbcL sequences based on maximum parsimony, with non-
synonymous substitutions superimposed on the appropriate branches. Species symbols are as 
follows: Gossypium arboreum (A2), G. hirsutum cv. Acala Maxxa (AD1), G. davidsonii (D3-d), 
G. raimondii (D5), and Gossypioides kirkii (G. kirkii). 
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Figure 2. Alignment of genomic and cDNA rbcS genes in A2 and D5. Red and yellow lines 
represent the exons and introns, respectively. Within each exons, polymorphic site are denoted 
by green or blue characters. Homoeo-SNPs at positions 540 and 623 are annotated in purple, 
where all A2 orthologs had a G but D5 orthologs had an A.
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Figure 3. Phylogenetic history of the rbcS multigene family in A- and D- genome diploid 
species. Species symbols are as follows: Gossypium herbaceum (A1); G. arboreum (A2); G. 
armourianum (D2-1); G. davidsonii (D3-d); G. raimondii (D5); G. gossypioides (D6). 
Gossypioides kirkii was used as the outgroup. Black arrow indicates the ancient duplication and 
accumulation of 9 indels forming the two short rbcS genes. The solid red and green lines 
represent the long and short rbcS lineages, respectively. Within each species clade, anastomosing 
lines represent gene homogenization via gene conversion. In G. raimondii (D5), two identical 
short copies are confirmed to be under homogenization. 
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Figure 4. Alignment of translated CDS regions of rbcS genes cloned in A2 and D5. Conserved 
amino acids are shown in faded grey. Non-conserved amino acids are shown in black. The 
group-specific amino acid loci (shared amino acid within long or short rbcS group) are marked 
with diamonds. Circles denote species-specific amino acids (shared within species, even among 
long and short groups). The stars “*” at the end of the aligned sequences denote stop codons. 
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Figure 5. Profile of the interaction between the SSU (loop between βA/βB) and the LSU in 
diploid (A2, D5) cotton species. At the top, spinach β-strands A and B (in gray columns, scaled 
with its amino acid coordinates) and its internal loop (marked with black arrowed line) were 
aligned with the corresponding regions in cotton species (scaled with their amino acid positions). 
At the bottom, three arrows mark LSU residues (20 Å from its active site) that interact with the 
SSUs shown above via chemical bonding properties (Spreitzer et al. 2005). Residues “C” and “I” 
at 221 and 235 have also been suggested to interact with SSU (Genkov and Spreitzer 2009), but 
this has not been experiementally verified.  
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Figure 6. Gene conversion in G. hirsutum (AD1) rbcS genes. Conserved nucleotides are shown 
in faded gray. Homoeo-SNPs are denoted by blue diamonds, whereas uninformative SNPs are 
marked with white diamonds. An autoapomorphic nucleotide is highlighted in purple, and 
marked with a purple diamond. Panels a, b and c show the recombination pattern in A-long 
homoeologs, D-long homoeologs, and D-short homoeologs, respectively. Red and green bars 
represent the A- and D-homoeologous regions, respectively. Mosaic bars denote regions that 
include homoeologous recombination. Two conversions are not shown in the “a” panel due to 
space constraints; these are the A-long SNP converted to a D-long SNP at position 232 (from T 
to C), and at position 731 (from A to G). 
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Figure 7. Alignment of G. hirsutum (AD1) homoeologous SSUs with those from the progenitor 
diploid (A2 and D5) orthologous SSUs. βA-βB strands and the internal loop are highlighted. 
Within the loop, the expected asparagine (N at position 116) in the AD1 D-genome homoeologs 
was converted to serine (S), which is the corresponding amino acid in the AD1 A-genome 
homoeologs. This amino acid locus just corresponded to the codon with genome specific 
homoeo-SNP: at the position 540 – G in A2 genome but A in D5 genome. 
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Figure 8. Phylogenetic relationships among the five AD-genome polyploid species (A-genome 
homoeologs in red; D-genome homoeologs in green), and homoeologous recombination events 
in the regions listed in Table 4. Recombined regions in exons and introns are denoted with red 
and yellow numbers, respectively. Roman numerals with a minus “-” symbol represent 
autoapomorphic loss of corresponding NRHR signal.  
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Table 1. Non-synonymous substitution of rbcL sequences in cotton.  
 
Species* 28 86 94 140 141 145 225 226 255 282 478 479 480 
A2 E D E V P I I F M H V E K 
AD1 E D E V P I I F M H V E K 
D3-d Q H E V S I I Y V H P A S 
D5 Q H E I P V I Y V R P A S 
G. kirkii E H D V P I L Y M H P A S 
 
*Species listed are Gossypium arboreum (A2), G. hirsutum cv. Acala Maxxa (AD1), G. 
davidsonii accession (D3-d), G. raimondii (D5), and Gossypioides kirkii (G. kirkii). Positions 
226, 255 and 282 reside at the interface between SSU and LSU, which are 20 Å away from the 
active site. Positions 478, 479 and 480 are in the α/β barrel active site. 
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Table 2. Pairwise numbers of nucleotide substitutions among rbcS paralogs and orthologs in 
introns. 
Introns* A2-Long A2-Short1 A2-Short2 D5-Long D5-Short 
A2-Long ID -- -- -- -- 
A2-Short1 76 ID -- -- -- 
A2-Short2 76 17 ID -- -- 
D5-Long 11 75 75 ID -- 
D5-Short 81 28 28 80 ID 
 
*Listed are comparisons within two intronic regions (186-286 and 421-512) of full-length rbcS 
genomic sequences from Gossypium arboreum (A2) and G. raimondii (D5). 
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Table 3. Pairwise sequence differences among rbcS cDNAs*.  
 
cDNAs A2-Long A2-Short1 A2-Short2 D5-Long D5-Short 
A2-Long ID -- -- -- -- 
A2-Short1 35(25+10); 0.1059 ID -- -- -- 
A2-Short2 36(26+10); 0.1011 6(6+0); 0 ID -- -- 
D5-Long 17(12+5) 37(27+10) 38(28+10) ID -- 
D5-Short 39(28+11) 10(7+3) 12(9+3) 37(30+7); 0.0594 ID 
 
*Shown in each cell are the total number of pairwise differences (synonymous plus 
nonsynonymous differences). The Ka/Ks ratios of paralogs in the same species are listed 
following the semicolons. 
  
66
 
Table 4. Non-reciprocal homoeologous recombination among rbcS genes in G. hirsutum.  
 
G
.
h
i
r
s
u
t
u
m
 
(
A
D
1
)
 
Long Type                                                        
(region or point) 
No. of     
sequences percentage 
Short Type 
(region or point) 
No. of        
sequences percentage 
Conversion from A to D* 
I§.  232† 41 100% 
No conversion signal  
II. 332-344† 
14 34.15%    422-427 
   453-457 
III.731 14 34.15% 
Conversion from D to A* 
IV.450-451, 457, 480-
489 14 26.41% VII.202-204-205-207-208 30 100% V. 595-604, 635-637, 
731 
VI.540, 583 53 100% VI.540 30 100% 
 
* Recombined regions are categorized into “conversion from A to D”, and “conversion from D to A”.  
§ Roman numerals represent events that include one to several conversion regions which appear in all five allopolyploids (AD1-AD5), 
as shown in Figure 8.  
† Breakpoints that occurred in exons are shown in bold numbers. Breakpoints that occurred in introns are in normal numbers. 
  
  
 
67
Table 5. Expression levels of rbcS in diploid cottons (A2 and D5), as determined by mRNA 
sequencing. 
A2 rbcS expression 
Mapped 
rbcS reads 
A2-1 
Mapped 
rbcS reads 
A2-2 
Mapped 
rbcS reads 
A2-3 
No. of reads mapped to A2 rbcS genes 78850 32555 39527 
Total mapped reads mapped 
to Cotton-46 EST Contig Database 
4728917 2944397 2989960 
Percentage 1.667% 1.106% 1.322% 
D5 rbcS expression 
Mapped 
rbcS reads 
D5-1 
Mapped 
rbcS reads 
D5-2 
Mapped 
rbcS reads 
D5-3 
No. of reads mapped to D5 rbcS genes 152210 76066 85660 
Total mapped reads mapped 
to Cotton-46 EST Contig Database 
8058826 5785223 5235508 
Percentage 1.889% 1.315% 1.636% 
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Table 6. rbcS homoeolog expression in three biological replicates of F1 hybrid (AD F1-1, AD 
F1-2, and AD F1-3), and of allopolyploid (AD1-1, AD1-2 and AD1-3) cotton. 
 Homoeolog SNP:347 SNP:430  SNP:430 
A
D
F1
-
1 A Subtotal 1804*** 704*** 
A
D
1-
1 528*** 
D Subtotal 1544 459 340 
Total 3348 1163 868 
A
D
F1
-
2 A Subtotal 1980*** 828*** 
A
D
1-
2 1247*** 
D Subtotal 1322 488 756 
Total 3302 1316 2003 
A
D
F1
-
3 A Subtotal 2032*** 844*** 
A
D
1-
3 1257*** 
D Subtotal 1353 481 695 
Total 3385 1325 1952 
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Supporting Information 
 
Larger figure files, supplementary table S1-S6, and figure S1–S4 are available at Molecular 
Biology and Evolution online (http://mbe.oxfordjournals.org/content/29/10/3023.long). 
 
Figure S1. Profile of primers designed to amplify partial rbcS sequences in diploid species. 
Previously published rbcS sequence data from G. hirsutum (X54091) was used as the query 
sequence with which EST-contigs were aligned. Component EST numbers and species origin are 
listed at the end of each contig. There is a 9-nucleotide gap inserted in contig 04294. Arrows 
labeled with nucleotide position show the corresponding PCR primer regions (Sense 1-23: 5’-
ATGGCYTCCTCMATGATHWHATC-3’; Antisense 528-549: 5’-
TTADDANCCTKBAGGSTTGKAG-3’). 
  
Figure S2. Alignment of genomic and translated CDS regions of rbcL genes. Listed species 
include: Gossypium arboreum (A2); G. davidsonii (D3-d); G. raimondii (D5); G. hirsutum cv. 
Acala Maxxa (AD1), and Gosspypioides kirkii (G. kirkii). Panels a and b shows the alignments 
of nucleotide and amino acid, respectively. Polymorphic sites are denoted by green and blue 
characters. The stars “*” at the end of the aligned amino acid sequences (in panel b) denote stop 
codons. 
 
Figure S3. Alignment of partial rbcS sequences. Sequences were cloned in Gossypium 
herbaceum (A1), G. arboreum (A2), G. armourianum (D2-1), G. davidsonii (D3-d), G. 
raimondii (D5), and G. gossypioides (D6). Two long rbcS partial genes of Gossypioides kirkii 
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(G. kirkii) are shown at the bottom of the alignment. Red and yellow lines represent the exons 
and introns, respectively. Within exons, polymorphic sites are denoted by green or blue 
characters. Short copies are denoted by the 9-nucleotide gaps. 
 
Figure S4. Profile of the 5’-UTR and 3’-UTR primers (which amplify full-length genomic rbcS 
sequences) positioned within the contigs assembled by sequence capture reads from a 
domesticated (Acala Maxxa), and a wild form of G. hirsutum (TX2094). The species origin of 
each contig is written in its name. D5-long and D5-short partial rbcS genes were used as 
reference sequences. Other contigs are listed according to their location from the 5’- to 3’-end. 
Expected start and stop codons are marked beside the dotted lines. The sequence of the 5’-UTR 
degenerate primer (red arrow-headed line) is 5’-TAVCTDTAGCATAYASTAMTAG-3’; the 
sequences of 3’-UTR primers are Anti-1: 5’-AGGAGGGAAGTAAACAAC-3’ (bright yellow 
arrow-headed line) and Anti-2: 5’-AAATGGAGAGACAAAGTT-3’ (dark yellow arrow-headed 
line). Together with the 5’-UTR primer, these two primers were able to amplify the long and 
short rbcS genes, respectively. The stars in the aligned sequences represent the extra sequences 
in body regions of each contig and D5 rbcS sequences, which are not listed here in order to 
simplify the profile. 
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Table S1. Number of sequenced rbcL clones. 
 
Table S2. Number of sequenced partial rbcS clones.  
* Species symbols are as follows: G. herbaceum (A1), G. arboreum (A2), G. armourianum (D2-
1), G. davidsonii (D3-d) , G. raimondii (D5), and G. gossypioides (D6). 
 
Table S3. Small subunit contigs assembled from sequence capture and 454 sequencing results. 
*†G. hirsutum cv. Acala Maxxa (AD1) and G. hirsutum cv. 2094 (AD1) were used in capture 
experiments. Each species has its own assembled contigs. 
 
Table S4. Number of sequenced full-length rbcS cDNAs. 
* Species symbols are as follows: G. arboreum (A2), G. raimondii (D5), a laboratory synthesized 
A genome X D genome F1 hybrid (F1 hybrid), and allopolyploid G. hirsutum cv. Acala Maxxa 
(AD1). In F1 hybrid and AD1 allopolyploid, the parental origin of each homoeolog (A or D) is 
denoted.  
 
Table S5. Category of non-reciprocal homoeologous recombination between rbcS homoeologs. 
*NRHR events within long or short groups, but from different genomes, are defined as within-
group events; conversely, those between long and short genes are defined as across-group events. 
 
Table S6. Non-reciprocal homoeologous recombination patterns in Gossypium barbadense cv. 
Pima S6 (AD2), G. tomentosum WT936 (AD3), G. mustelinum 15C (AD4), and G. darwinii 
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PW45 (AD5). In all D-homoeologs, at the position 540, conversion corresponded to amino acid 
change from asparagine (N) to serine (S). 
* Recombined regions were categorized into “conversion from A to D”, and “conversion from D 
to A”.  
§ Roman numerals represent events that include one to several conversion regions which always 
appear simultaneously in the five allopolyploids (AD1-AD5), as shown in the phylogenetic tree 
of Figure 8. 
† Breakpoints that occurred in exons are shown in bold numbers. Breakpoints that occurred in 
introns are in normal numbers. 
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CHAPTER 3 
CYTONUCLEAR EVOLUTION OF RUBISCO IN FOUR ALLOPOLYPLOID 
LINEAGES 
 
A paper submitted to Molecular Biology and Evolution, accepted and in press 
Lei Gong, Mischa Olson, and Jonathan F. Wendel 
 
Abstract 
Allopolyploidization in plants entails the merger of two divergent nuclear genomes, 
typically with only one set (usually maternal) of parental plastidial and mitochondrial genomes 
and with an altered cytonuclear stoichiometry. Thus, we might expect cytonuclear coevolution to 
be an important dimension of allopolyploid evolution. Here we investigate cytonuclear 
coordination for the key chloroplast protein rubisco (ribulose 1,5-bisphosphate 
carboxylase/oxygenase), which is composed of nuclear-encoded, small subunits (SSUs) and 
plastid-encoded, large subunits (LSUs). By studying gene composition and diversity as well as 
gene expression in four model allopolyploid lineages, Arabidopsis, Arachis, Brassica, and 
Nicotiana, we demonstrate that paralogous nuclear-encoded rbcS genes within diploids are 
subject to homogenization via gene conversion, and that such concerted evolution via gene 
conversion characterizes duplicated genes (homoeologs) at the polyploid level. Many gene 
conversions are inter-genomic with respect to the diploid progenitor genomes, occur in 
functional domains of the homoeologous SSUs, and are directionally biased such that the 
maternal amino acid states are favored.  This consistent preferential maternal-to-paternal gene 
conversion is mirrored at the transcriptional level, with a uniform transcriptional bias of the 
maternal-like rbcS homoeologs. These data, repeated among multiple diverse angiosperm genera 
for an important photosynthetic enzyme, suggest that cytonuclear coevolution may be mediated 
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by inter-genomic gene conversion and altered transcription of duplicated, now homoeologous 
nuclear genes.  
 
Introduction 
Polyploidy is a prominent evolutionary process in plants, in which two or more parental 
genomes are combined into the same nucleus. Through multiplying a single genome or via 
combining divergent genomes, autopolyploids and allopolyploids are formed, respectively 
(Soltis and Soltis 2000; Wendel 2000; Wendel and Doyle 2005). Although ancient polyploidy 
characterizes all flowering plant lineages (Jiao et al. 2011a), recent allopolyploidy is observed in 
many plant lineages, including such well-known examples as Arabidopsis, Arachis (peanut), 
Brassica (cabbage), Nicotiana (tobacco), and Gossypium (cotton). In each of these genera, 
cytogenetic and molecular evidence have revealed extant diploid species that most closely 
resemble the diploid parents of the allopolyploids (Koch et al. 2000; Inaba and Nishio 2002; 
Chase et al. 2003; Jakobsson et al. 2006; Seijo et al. 2007; Leitch et al. 2008; Higgins et al. 2012; 
Bertioli et al. 2013). Comparative analyses of different allopolyploid species and their extant 
diploid relatives reveal that polyploidization results in complex and fascinating changes at 
different biological levels, including genomic alterations (loss of genes and non-genic elements 
and homoeologous genomic exchanges) (Lim et al. 2007; Salmon et al. 2010b; Buggs et al. 
2012), non-additive gene expression including expression dominance and biased homoeolog 
expression (Hegarty et al. 2008; Rapp et al. 2009b; Flagel and Wendel 2010; Grover et al. 2012; 
Buggs 2013; Yoo et al. 2013), and changes in epigenetic modifications (Wang et al. 2004; 
Madlung and Wendel 2013).  
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In addition to these dynamic responses to polyploidization, there are potential 
stoichiometric disruptions caused by the combination of two nuclear genomes but inheritance of 
only one set of progenitor organellar genomes (usually maternal), suggesting a cytonuclear 
dimension to allopolyploid evolution. Many aspects of cytonuclear coevolution have been 
considered for diploid plants and animals (Rand et al. 2004; Wolf 2009a; Caruso et al. 2012; 
Burton et al. 2013), addressing a number of key topics such as the effects of cytonuclear 
interaction on population fitness (Caruso et al. 2012; Burton et al. 2013), the occurrence of 
compensatory co-adaptative cytonuclear mutations (Rand et al. 2004), participation of 
cytonuclear coordination in hybrid breakdown (Burton et al. 2013), and cytonuclear-epistasis 
controlled nuclear genome imprinting (Wolf 2009a).  To date, though, the special circumstances 
surrounding cytonuclear evolution in polyploids remains largely unexplored. Previously we 
investigated how homoeologous nuclear genes of Gossypium allopolyploids encoding subunits of 
one protein complex evolved in a new context where they need to interact with a subunit 
encoded by a gene from the plastome, inherited (in cotton) from only one of the two progenitor 
diploids (Gong et al. 2012). The model protein complex we utilized is Rubisco (Ribulose 1,5-
bisphosphate carboxylase/oxygenase), an essential enzyme in carbon fixation during 
photosynthesis, which functions as octamer holoenzymes of SSUs (Small Subunits) encoded by 
a nuclear rbcS multigene family and LSUs (Large Subunits) encoded by a single plastid rbcL 
gene (Rodermel et al. 1996a). After characterizing rbcS and rbcL genic compositions in 
Gossypium, we explored their cytonuclear coordination at the genomic level, showing post-
polyploidy, inter-genomic, gene conversion between nuclear homoeologs, and at the 
transcriptional level, where biased maternal rbcS homoeolog expression was demonstrated.  
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Intrigued by these findings for Gossypium, we asked whether similar results would be 
observed for rubisco evolution in other polyploids. Toward that end, we selected four exemplary 
angiosperm polyploid lineages, Arabidopsis, Arachis, Brassica, and Nicotiana, each of which 
has a well-understood phylogeny with extant model diploids and stabilized descendant 
allopolyploids. The rubisco rbcS and rbcL genes in each lineage were characterized. Within each 
lineage, phylogenies were constructed for rbcS gene paralogs and orthologs in the diploid species 
and placed in the context of their species divergence. By analyzing the rbcS gene sequences in 
representative parental diploids and allopolyploids, we demonstrate a consistent pattern of post-
polyploidy gene conversion among rbcS homoeologs. In addition, biased homoeolog expression 
of paternal homoeologs carrying maternal conversions were also confirmed in most polyploid 
species. These results have general significance with respect to cytonuclear evolution in plant 
allopolyploids. 
 
Materials and Methods 
DNA & RNA extraction and cDNA synthesis 
Four angiosperm polyploid lineages were selected, each of which included model 
progenitor diploids and derived allopolyploids (Table 1). Fully expanded leaves of each species 
in each genus were sampled at the same developmental stages. After washing with DEPC-treated 
water, leaves were divided into two parts, which were used for DNA and RNA extraction, 
respectively. DNA extraction, RNA extraction, and cDNA synthesis were carried out following 
methods described previously (Gong et al. 2012). 
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Primer design, cloning, and sequencing 
rbcL is highly conserved among closed related species (Gielly and Taberlet 1994). We 
downloaded from NCBI all available rbcL genes in the genera studied for primer design (Table 
S1). For lineages not represented in the NCBI collection, the rbcL gene sequence from a closely 
related genus was used as the query sequence to blastn against the ESTs in PlantGDB 
(http://www.plantgdb.org/, Table S1). Manually aligned sequences of ESTs on the 5’- and 3’-end 
of the original blast query sequence (covering the start and stop codon, respectively) were used 
for primer design. Degenerate primers used to amplify full-length rbcL genes in each species are 
tabulated in Table S1. 
 
Available genome assemblies of sequenced species and their ESTs deposited in 
PlantGDB were collected for rbcS primer design (Table S2). The rbcS genomic sequences of that 
species, or a related species in the same genus, or in some cases a related genus, were used as 
query sequences with blastn against genome assemblies or EST sequences. Significant 
homologous copies in each genome assembly or the manually aligned sequences of ESTs on the 
5’- and 3’-end of the original blast query sequence were used for primer design. Primers 
specifically amplifying orthologs or homoeologs of rbcS in each species are tabulated in Table 
S2. 
 
PCR reactions and PCR programs amplifying rbcL and rbcS genes, PCR product cloning, 
and sequencing followed the methods described earlier (Gong et al. 2012). Only the annealing 
temperature (at the initial step and in stabilized loops) was adjusted for each primer (Table S2). 
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The same sets of primers designed above for amplifying genomic rbcS genes were also used for 
amplification of rbcS cDNAs.  
 
When amplifying the rbcS genomic or transcript copies in each species, to avoid possible 
false rbcS PCR-recombination artifacts, three parallel independent PCR reactions were carried 
out for each primer sample. Only the rbcS copies, having at least 25% supportive clones 
sequenced in each independent PCR reaction were accepted as bona fide copies. Cloning and 
sequencing of the PCR products were also carried out as described (Gong et al. 2012). 
 
Sequence alignment and phylogenetic reconstruction 
Sequences were aligned within each genus using the online MAFFT tool v7.122 (Katoh 
and Standley 2013). After manual adjustment, synonymous and non-synonymous substitutions in 
the exons were noted. Phylogenetic histories of the rbcS multigene familiy in all diploids of each 
lineage were inferred based on parsimony analysis.  
 
Detection of homoeologous single nucleotide polymorphisms (SNPs) and gene conversion 
events (nonreciprocal homoeologous recombination, NRHR) 
For each genus, genome-diagnostic SNPs (including the species-specific and genome-
unique SNPs) and autapomorphic SNPs were inferred in rbcS orthologs and homoeologs, 
respectively. Genome-diagnostic SNPs were used to determine the parental genomic origin of 
each homoeolog. Within the allopolyploid species, the possible exonic rbcS genomic conversion 
regions or points of “non-reciprocal recombination” (in only one direction from paternal to 
maternal homoeolog or vice versa; Salmon et al. 2010) were initially inferred using the 
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GENECONV tool (automated recombination detection in triplet sequences), which is 
incorporated in RDP4 Beta 4.27 software (Sawyer 1989; Martin et al. 2010). Specifically, each 
rbcS homoeolog in the polyploids was searched against both reference diploid orthologs as well 
as other homoeologs: any recombinations identified between homoeologs of the same genomic 
origin were inferred as intra-genomic conversions, whereas those involving homoeologs of 
different genomic origin were accepted as products of inter-genomic conversion events. RDP-
identified conversion copies were further processed by homemade perl scripts which tabulated 
the SNP information within converted homoeologs, as previously described (listing the 
coordinates in the alignment and nucleotide changes before and after the conversions; Gong et al. 
2012). As noted previously, to avoid possible artificial PCR recombinants, only recombinants 
occurring in at least 25% of the total cloned sequences from each replicated PCR reaction were 
accepted as true “gene conversion” copies.  
 
Statistical comparison of rbcS homoeolog transcript level based on RNAseq 
Next-generation RNA sequencing data of all polyploids in four lineages were collected 
from SRA databases in NCBI and other resources (Table S3). Quality-filtered reads were 
mapped to all cloned rbcS homoeologs via Bowtie 1.0.0 with stringent perfect match control 
(Langmead et al. 2009). The final rbcS homoeolog-specific expression proportions were 
obtained by dividing the mapped reads covering all diagnostic homoeolog-specific SNPs of each 
homoeolog copy by the total reads mapped to those SNP positions in all expressed rbcS 
homoeologs. The coverage of each SNP in each homoeolog was obtained by running the 
mpileup module in the samtools package (Heng et al. 2009). The final observed rbcS 
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homoeolog-specific expressions were obtained by multiplying their individual estimated 
expression proportion by the total mapped reads.  
 
Given the high expression levels of rbcS genes in plant species, under the Central Limit 
Theorem (Rice 2006), a Z-statistic evaluating the expression difference between homoeologs 
with inter-genomic gene conversion and paralogous homoeologs without inter-genomic gene 
conversions (here abbreviated as “Hconverted vs. Hnon-conversion”), was calculated as follows: 
 
(1) The null hypothesis assumed no homoeolog expression difference in Hconverted vs. Hnon-conversion. 
Hence, the expectation of the expression difference was zero.  
E(Hconverted - Hnon-conversion)=0 
 
(2) The variance of the homoeolog expression difference in Hconverted vs. Hnon-conversion was derived: 
Var(Hconverted - Hnon-conversion) = Var(Hconverted)+Var(Hnon-conversion)-2*Cov(Hconverted, Hnon-conversion) 
Under the assumption of the summed proportions of all rbcS homoeologs being 1, the probability 
of obtaining the observed combination of rbcS homoeolog expression should follow the 
multinomial distribution. According to the known variance of one variable and co-variance of 
two component variables in the multinomial distribution,  
Var(Hconverted)= Ntotal* pHconverted*(1- pHconverted) 
Var(Hnon-conversion)= Ntotal* pHnon-conversion*(1- pHnon-conversion) 
Cov(Hconverted, Hnon-conversion)= -Ntotal*pHconverted*pHnon-conversion, in which Ntotal was the total 
expression of all rbcS homoeologs in polyploid species and pHconverted and pHnon-conversion were 
expression proportions of homoeologs with and without inter-genomic conversions. 
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(3) A final Z-statistic was calculated with all terms replaced by their values calculated as above: 
Z-statistic=  
 –  ( – )

 !"# – "!". !"%!"&
'/)   
p-value of each estimated Z-statistic was estimated based on the standard normal distribution. 
 
Results 
Maternal inheritance and divergence among rbcL genes  
rbcL genes from diploid and polyploid species of all four polyploid lineages were cloned 
and sequenced (Table 1). Except in Brassica, there are from 0.43% - 0.65% non-synonymous 
substitutions between the LSU proteins of the parental diploid species in each lineage. As 
expected, each polyploid has the copy inherited from the maternal parents. In Brassica, no amino 
acid differences exist between the parental diploid species (Table 1).  Similar to observations for 
rbcL genes in diploid cottons (Gong et al., 2012), diverged amino acid residues cluster in the C-
terminal α/β- barrel domain and/or N-terminal domains of LSU subunits (Table 1), which 
together form the active sites for rubisco (Spreitzer and Salvucci 2002). Notably, amino acid 
substitutions are also observed in the middle regions following the C-terminal domains, where 
the LSUs interact with the SSUs (Spreitzer and Salvucci 2002; Spreitzer et al. 2005). These raise 
the possibility of co-evolutionary pressures in allopolyploids that might inherit divergent parental 
SSUs.  
 
rbcS composition in diploids 
Prior to cloning rbcS homoeologs in the polyploids, we cloned parental rbcS genes and 
aligned these into orthologs for inferences of homoeology in the polyploids. As shown in the 
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exemplary rbcS sequence alignment for Arabidopsis (Figure 1), gene structure (introns/exons) 
was ascertained using cloned cDNAs. rbcS genes in most genera have three exons separated by 
two introns, the latter accumulating most of the substitutions and indels (Figure 1, Figure S1-S3). 
In Nicotiana, however, there are three introns separating the coding region into four exons 
(Figure S3). In exons of rbcS paralogs in each parental diploid, there are species-specific 
(consistent polymorphic substitution shared by all paralogs in the same species) and genome-
unique (existing in a unique genome) SNPs, denoted in the exons of the alignment (Figure 1, 
Figure S1-S3). Two groups of genome-unique SNPs are further recognized: category I includes 
genome-unique SNPs present in at least two paralogs of a specific species; category II SNPs are 
carried by only one rbcS paralog (Figure 1, Figure S1-S3; Table 2). Species-specific SNPs 
shared by all paralogs of the same species were detected only in Arabidopsis, where the two 
species-specific SNPs have “C (Cytosine)” and “A (Adenine)” at the 748th position and “T 
(Thymine)” and “C (Cytosine)” at the 776th position in A. thaliana and A. arenosa, respectively 
(Figure1, Table 2).  
 
To compare the fixation rates of exonic, genome-unique SNPs, we tabulated their 
numbers in diploids of each lineage, and included data generated previously for Gossypium 
species (Figure S4, Table 2). Since genome-unique SNPs in category I exist in multiple paralogs 
of the same diploid species, these SNPs are treated as nucleotide mutations that are fixed and 
spread by local gene conversions. As shown, the proportions of fixed genome-unique SNPs in 
category I are variable among lineages, ranging from 1.04% in Arachis to 4.47% in Brassica 
(Table 2). This divergence is related to organismal divergence time (Figure S4, Table 2), with the 
notable exception of Brassica. For this genus, in which the progenitor diploids are thought to 
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have diverged approximately 3.5 million years ago (MYA) (Higgins et al. 2012), a much higher 
proportion of genome-unique SNPs (4.47%) in Category I is observed. This is significantly 
higher than in similarly aged Arachis (diverged 3.5 MYA, Seijo et al. 2007), older Arabidopsis 
(diverged 5 MYA, Jakobsson et al. 2006) and Gossypium (Wendel et al. 2010a), or even the 
more ancient Nicotiana lineage (diverged 15 MYA, Leitch et al. 2008) (Figure S4 and Table 2). 
Possible explanations for this exceptional divergence in Brassica are discussed below. 
Accordingly, Brassica was not included in the correlation calculation but still is shown in the 
regression plot (Figure S4). Apart from Brassica, a significant correlation was observed in 
fixation rate of exonic Category I genome-unique SNPs (R2=0.53585, p-value<0.05) (Figure S4).  
 
To understand the evolutionary history of the diploid rbcS orthologs, phylogenetic trees 
were constructed in the context of diploid species divergence within each lineage (Figure 2). In 
all cases, gene copy numbers are based on published genome sequences in conjunction with the 
cloning and sequence data. Unusually divergent rbcS paralogs are shown in blue, which includes 
orthologous groups 1A and a3 in Arabidopsis, A1 and B1 in Arachis, A1 and C1-C3 in Brassica, 
and S5 and T5 in Nicotiana. Because gene conversion at the diploid level has homogenized 
sequence pairs in many cases, the number of different gene copies is lower than the number of 
actual gene copies.  In Figure 2, homogenized copies are shown by interacting double helices. 
Among the species studied, the number of rbcS orthologs ranges from 4 to 12 (Figure 2). In 
some cases, autapomorphic substitutions arose following polyploidy, confirming the presence of 
gene converted and hence homogenized duplicates at the diploid level. There was no loss of any 
homoeolog in any of the four allopolyploids studied.  
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Gene conversion events following allopolyploidy 
Comparison of each rbcS homoeolog with their parental orthologous copies revealed a 
number of autapomorphic nucleotide substitutions that have accumulated after formation of each 
polyploid (Table 2). At the low end, in N. tabacum, 11 autapomorphic SNPs were detected, 
representing 2.40 % of the exonic nucleotide positions. The higher levels were for A. suecica and 
G. hirsutum with the proportions 7.55% and 8.01% (Table 2). As shown in Figure S5, the level 
of autapomorphic SNP presence is dependent on polyploid age; more recent polyploids have 
fewer SNPs. For example, in A. hypogea and B. napus, polyploids of similar age (>5000 and 
<10,000 years ago), almost equivalent proportions of autapomorphic SNPs are detected (3.73% 
and 3.35%, respectively). N. tabacum, a polyploid estimated as <200,000 years old, has an 
exceptionally small proportion of SNPs, whereas for A. suecica and G. hirsutum, the ancient 
polyploid species in our analysis (formed 12,000-300,000 years ago and 1-2 MYA, respectively) 
has the higher proportions of exonic autapomorphic SNPs (Figure S5).  
 
We inferred the parental origin of each homoeolog in the polyploids through comparisons 
with their diploid orthologs. We then inspected each homoeolog for genome-diagnostic SNPs 
from a different rbcS gene, mindful of the possibility (Gong et al., 2012) of inter-genomic gene 
conversions. Alternatively, intra-genomic gene conversions are implicated when they 
exclusively involve diagnostic SNPs among homoeologous copies of the same parental origin. A 
summary of these inferences of the intra- and inter-genomic gene conversions is illustrated for 
each lineage (Figure 1, Figure 3, Figure S1-S3, and Figure S6-S8). Together with previous 
findings for Gossypium polyploids, we note several features of the inter-/intra-genomic gene 
conversions: (1) most conversion events were inter-genomic (Figure 1, Figure 4 and Figure S1-
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S3). Specifically, except for three intra-genomic conversions in Arabidopsis suecica (1st, 2nd, and 
4th events among nine gene conversion events; Figure 1), there were no intra-genomic 
conversions detected in other studied polyploids, including Gossypium (Gong et al. 2012); (2) 
Similar to the short rbcS genes in Gossypium (Gong et al. 2012), inter-genomic events altered the 
originally identical rbcS duplicates (those linked by anastomosing lines in Figure 2) so they 
became distinguishable (different) at the polyploid level – for example, two identical paralogs in 
A. arenosa became two different homoeologs, A. suecica-Asa2a and A. suecica-Asa2b, when the 
latter copy obtained maternal diagnostic SNPs via 5th – 9th inter-genomic conversion events 
(Figure 1); (3) most of the inter-genomic events occurred in the paternal homoeologs, using 
templates from the maternal homoeologs (Figure 1, Figure 4 and Figure S1-S3) – in other words, 
gene conversions occurred preferentially in the direction of introducing maternal-diagnostic 
SNPs into paternal homoeologs (simplified as “maternal-to-paternal” conversions). This is also 
the case in Gossypium polyploid species (Gong et al. 2012). Here, this is exemplified in A. 
suecica, where five of six inter-genomic conversions entailed maternal-diagnostic SNPs detected 
in paternal homoeologs (Figure 1).  
 
Protein sequences of all rbcS orthologs and homoeologs were predicted. Within the 
protein alignment, the aforementioned gene conversions were discovered to generate non-
synonymous amino acid substitutions only in A. suecica and A. hypogaea; most gene 
conversions did not result in amino acid changes (Figure 3, Figure 4 and Figure S6-S8). In A. 
suecica, the 7th and 8th conversion events brought maternal-specific “G (Glycine)” and “T 
(Threonine)” residues into the paternal homoeolog “A. suecica-Aa2b”, in the process replacing 
the paternal amino acids “N (Asparagine)” at those two positions (Figure 3). Similarly, in A. 
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hypogaea the first conversion event caused non-synonymous amino acid substitution in “A. 
hypogaea-AhB3b” homoeolog (Figure S6).  
 
We summarized the distribution of types of gene conversion across the different SSU 
functional domains (Figure 4). SSU proteins were partitioned into four domains: transit peptide 
(signaling peptide for pre-SSU targeting plastid and transportation into plastid); transit-loop 
interval region (mainly composed by α-helix A between signal peptide and βA/βB loop); βA/βB 
loop region (interface of SSU with LSU, which includes the β-strands and their enclosed loop); 
and all other β strands at the C-terminal end (Spreitzer and Salvucci 2002; Genkov and Spreitzer 
2009; Kim et al. 2010). No gene conversion was detected in the transit-loop interval in any 
polyploid. Consequently, this region was excluded from the summary bar chart (Figure 4). In 
addition, the major inter-genomic conversions preferentially occurred in the transit peptides and 
the C-terminal β strands rather than in the βA/βB loop region where SSUs interact with LSUs in 
the rubisco holoenzyme. Finally, in terms of the inter-genomic conversion directions, the 
preferred “maternal-to-paternal” conversion events were detected in each SSU domain. All three 
non-synonymous, inter-genomic conversions introduced maternal amino acids into the paternal 
homoeologous SSUs (Figure 4).  
 
Biased expression of paternal rbcS homoeologs with maternal-converted regions 
To address whether there is biased homoeolog expression related genomic origin of rbcS 
genes and if this is correlated with inter-genomic gene conversions, we compared transcript 
levels for all polyploids (Table 3). Homoeolog expressions were determined by multiplying the 
read coverage proportion of their specific SNPs by the total mapped rbcS reads (Table 3 and 
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Table S4). Within all polyploid species except B. napus, the paternal homoeologs with converted 
maternal segments were always significantly more highly expressed than their homoeologous 
counterparts without such inter-genomic conversions (Table 3). In contrast, in B. napus, the 
paternal homoeolog without gene conversion (BnC6a) had significantly higher expression than 
its counterpart paternal homoeolog (BnC6b) with maternal-to-paternal conversions (Table 3). 
 
Discussion 
Here we extend our results on cytonuclear coevolution of rubisco genes in Gossypium 
allopolyploids (Gong et al. 2012) to four other model allopolyploids, Arabidopsis, Arachis, 
Brassica, and Nicotiana. Our goal was to explore the extent to which the genic and 
transcriptional biases observed in cotton are mirrored in other allopolyploids, and thereby gain 
insight into the generality of our indications of cytonuclear coevolution. Specifically, our aims 
were to discern the genic copy numbers and structures of nuclear rbcS genes in different genera, 
their propensity for “gene conversion” at both the diploid and allopolyploid levels, and the 
possible interplay between these dynamics and those of the plastid-encoded rbcL gene. We 
further wished to assess whether there is biased expression of homoeologs in other genera, how 
this relates to gene conversion, and the degree of similarities among multiple, phylogenetically 
dispersed angiosperm allopolyploids.  
 
Potential selection pressure for cytonuclear coordination among rbcS genes in polyploids 
rbcL is widely utilized as a slowly evolving plastid gene for purposes of phylogenetic 
reconstruction of angiosperm families and orders. Accordingly, we expected little sequence 
evolution among con-generic species, and such is indeed the case for the data presented here 
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(Table 1). Yet several non-synonymous differences are observed between rbcL genes from 
different diploid parents (except in Brassica), documenting maternal inheritance of the plastome 
in the allopolyploids, and indicating possible functional regions of LSUs that could conceivably 
apply selective pressure for optimization of bi-parentally inherited rbcS-derived SSU proteins. 
Specifically, during diploid divergence, the LSU in three of the four genera studied here 
accumulated several amino acid substitutions at both the C and N termini. Considering the C- 
and N- terminal domains are the catalytic centers and where the subunit interfaces with SSUs 
(Spreitzer et al. 2005; Genkov and Spreitzer 2009), the possibility exists that selection has 
operated on rbcS genes in the allopolyploid to optimize rubisco holoenzyme activity. As 
discussed below, the rbcS data are suggestive of this mechanism of compensation, for most 
genera studied. Notably, Brassica is exceptional, with no amino acid divergence between 
parental LSUs, yet it too exhibits signatures of cytonuclear coevolution (see below), thereby 
implicating selection operating on other aspects of cytonuclear regulation. 
 
Concerted evolution of rbcS genes in diploid species 
In angiosperms studied to date, similarities of rbcS genes within species are often 
observed (Gong et al. 2012), especially among tandom rbcS paralogs, with lower similarities 
among physically dispersed rbcS paralogs. These observations, combined with phylogenetic 
evidence showing even lower similarities of rbcS orthologs in different species, have been taken 
as evidence that rbcS genes frequently are subjected to “concerted evolution”, or sequence 
homogenization via gene conversion (Meagher et al. 1989; Clegg et al. 1997).  
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Concerted evolution is also evident in most species studied here (Figure 2). These 
inferences are based on two sources of information, i.e., cloning and sequencing data, which 
provide diagnostic SNPs for rbcS paralogs, and genome sequence data, which provides gene 
number counts. The former includes both species-specific and genome-unique SNPs of the same 
genus. Species-specific SNPs reflect homogenization among paralogs within species, 
presumably from a gene conversion process that is evolutionarily sporadic. Interestingly, this 
process appears to be insufficiently frequent to completely homogenize paralogs, but sufficiently 
common that its footprints are visible in the current suite of rbcS genes in each species. Similar 
results were previously reported for Gossypium (Gong et al. 2012). Genome-unique SNPs in 
each species, as described previously, can be further sorted into two categories, which have 
experienced distinct evolutionary histories. Category I includes genome-unique SNPs present in 
at least two paralogs of a specific species (Table 2), which likely are derived from relatively 
recent homogenization via local/minor conversions among several rather than all paralogs. 
Category II includes most genome-unique SNPs (Table 2), existing in single rbcS paralogs. We 
infer that these SNPs are the most recent substitutions generated in specific rbcS paralogs, such 
that they have not been homogenized across any other paralog. Possible mechanistic hypotheses 
for this failure to homogenize include recency of these SNPs relative to the pace of gene 
conversion, and/or spatial dispersal of these paralogs from other paralogs, so that the 
opportunities for gene conversion are lower.  
 
Another interesting dimension of our data is the relatively consistent fixation rate of 
genome-unique SNPs in different lineages. Given a significant positive linear correlation of the 
proportion of category I genome-unique SNPs with divergence time in most genera (Figure S4), 
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the balance between nucleotide mutations in rbcS genes and their erasure via homogenization 
may generally be similar among plant lineages. This suggestion clearly will benefit from 
additional study using other plant genera. It may be, for example, that life history features such 
as mating system, population level dynamics, and effective population size create variation in 
this mutation fixation balance. The higher fixation rates observed in the obligately outcrossing 
Brassica, for example, might reflect these factors (Wright et al. 2008; Ivanov and Gaude 2009).  
 
One somewhat ironic observation is that in some cases, more rbcS genes are detectable at 
the allopolyploid than the diploid level. This reflects both the absence of gene loss following 
allopolyploidy as well as the evolution of novel SNPs post-polyploidy, which render previously 
identical paralogs (at the diploid level) non-identical. For instance, in Arabidopsis, the similar 
but different A.suecica-Asa2a and A.suecica-Asa2b (corresponding to two identical A. arenosa-
a2 paralogous copies) and in Gossypium (Gong et al. 2012), one more short-type rbcS 
homoeolog, are examples where different genes are observed at the polyploid level, caused by 
mutation being ahead of homogenization. A second example involves multiple distinct paralogs 
in one diploid species and a single group of identical paralogs in another diploid species, such as 
in Brassica, where there is orthology between B. oleracea-C8a and B. oleracea-C8b and two 
identical B. rapa-A6 genes, and between B. rapa-A2a and B. rapa-A2b and two identical B. 
oleracea-C6 genes (Figure 2).  
 
The more extreme cases of escape from homogenization involve the near-independent 
rbcS copies in each diploid species of each lineage studied (blue lines in Figure 2). As proposed 
for Gossypium, this relative independence may be related to their distinct chromosomal locations 
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(Gong et al. 2012). For example, in Arabidopsis thaliana, three paralogs (1B, 2B, and 3B), with 
relative higher sequence similarities, are all located on chromosome 5, whereas the 1A paralog 
with the least similarity is on chromosome 1. In Gossypium, relatively independent long and 
short paralog groups are also clustered on chromosomes 11 and 1, respectively. In Brassica, 
three identical B. rapa-A1 copies and its three B. oleracea-C orthologs (-C1 to -C3) have the 
lowest sequence similarity to the other paralogs in each diploid species (Figure 2). A 
parsimonious explanation for this observation is that after the originally clustered gene copies 
translocated to new genomic regions in the common ancestor of B. rapa and B. oleracea, the 
three rbcS paralogs in B. rapa began to evolve independently from other rbcS paralogs, while 
still being subject to local gene conversion homogenization pressures; the other three gene copies 
in B. oleracea, however, came to be distinguishable via novel mutations. In brief, physical 
dispersal could protect independent copies from global homogenization.   
 
Concerted evolution of rbcS homoeologs in allopolyploids 
Because allopolyploidy entails the merger of two sets of rbcS genes gene conversion can, 
in principle, homogenize not only paralogs but homoeologs. Notably, there are many 
autapomorhic SNPs in the allopolyploids, some identified in genomic conversion regions (shown 
as pink SNPs in in each alignment file). Thus, these autapomorphic SNPs are new SNPs 
introduced by homogenization via gene conversion across homoeologs. These mutations appear 
to be related to the time since polyploidization, as the relatively older A. suecica and G. hirsutum 
have more of these SNPs than are observed in the relatively younger A. hypogaea and B. napus 
sequences (Figure S5).  
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Genomic cytonuclear coordination of rbcS in allopolyploids 
Inter-genomic coadaptation or coordination between the nuclear and cytoplasmic 
organellar genomes is an essential component of evolutionarily successful hybridization events 
(Burton et al. 2013). Inter-genomic interactions may be interrupted when hybridization occurs 
between genetically divergent populations, which combine divergent nuclear genomes with only 
a single set of cytoplasmic genomes. With respect to the rubisco complex, diverged nuclear rbcS 
homoelogs inherited from both parental species may be posited to be targets of selection 
following genome merger and doubling at the time of polyploid formation, in response to their 
new cellular milieu containing only the maternal cytoplasm.  
 
As shown in Gossypium, one path toward reducing potential cytonuclear conflict is 
“maternal-to-paternal”, inter-genomic homogenization of rbcS homoeologs, presumably to 
stabilize or optimize rubisco holoenzyme activity. Specifically, in the N-terminal transit peptide 
region, which possesses the necessary information for SSU targeting and transport into the 
chloroplast (Bruce 2000; Lee et al. 2002), the potential relief from inefficient recognition and 
transport of paternal SSUs into the maternal chloroplast could conceivably be achieved by inter-
genomic, non-synonymous gene conversions of paternally inherited rbcS copies. This possibility 
is exemplified by the 1st conversion event in Arachis hypogaea-AhB3b (Figure S1 and Figure 
S7). Similarly, at the C-terminal β-strands domain, which maintains holoenzyme structural 
stability and also potentially regulates LSU/SSU interactions (Esquı ́vel et al. 2002; Spreitzer and 
Salvucci 2002), paternal SSU homoeologs obtained maternal-like, C-terminal β-strands via inter-
genomic, non-synonymous conversions both in Gossypium and the currently studied genera 
(Figure 4). This group of converted, paternal SSUs could also be favored during or after the 
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assembly process with the maternal LSUs in the holoenzyme. However, in the βA/βB loop 
region where SSU proteins contact LSUs (Spreitzer et al. 2005; Genkov and Spreitzer 2009), 
there were no amino changes in the currently studied allopolyploids that were introduced by 
inter-genomic conversions, so all paternal SSUs maintained their original protein sequences. 
Two scenarios can explain this observation: (1) paternal SSUs have sufficient compatibility with 
the cytoplasmic LSU at this interface region such that fitness is not compromised; and (2) 
insufficient time has elapsed for “more fit” genomic conversions to arise. In Gossypium hirsutum, 
the loop regions of all divergent paternal SSUs have been replaced by the maternal loops via 
non-synonymous, maternal-to-paternal gene conversions (Gong et al. 2012), suggesting an 
evolutionary future for these “caught in the act” younger allopolyploids. Targeting mutation 
experiments with artificial maternal-to-paternal conversions in the βA/βB loop regions of 
paternal rbcS homoeologs would be interesting experiments to evaluate these scenarios.  
 
The evidence presented here is consistent with, but does not prove, preferential selection 
for the products of inter-genomic, maternal-to-paternal gene conversions (among intra-, 
maternal-to-paternal or paternal-to-maternal events) across paternal nuclear homoeologs, 
followed by homogenization of the selected conversions across other copies originating from the 
paternal genome. Specially, for the polyploid species, in addition to the maternal-to-paternal 
inter-genomic conversions, both intra-genomic conversions and paternal-to-maternal, inter-
genomic conversions have probably occurred in paternal rbcS homoeologs following 
polyploidization, detected across different SSU domains (Figure 4). Cytonuclear coevolutionary 
pressure may thus have preferentially selected inter-genomic, maternal-to-paternal conversions. 
Given the relatively recent formation (< 0.5 MYA) of all allopolyploids analyzed here, intra-
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genomic and paternal-to-maternal conversions remain evident, perhaps having had insufficient 
time to homogenize the putatively beneficial maternal-to-paternal conversions across all rbcS 
copies, some of which retain their original parental diagnostic SNPs. In Gossypium, where 
polyploidy originated 1-2 MYA, the maternal, genome-specific SNPs have been homogenized 
across all paternal homoeologs. Additional evidence from other genera will further inform this 
possible evolutionary scenario. 
 
A special case exists in Brassica napus, which inherited the maternal diploid LSUs with 
no amino acid divergence from the paternal LSUs. Given this observation, and the assumption 
that this would eliminate the possibility of selection at the level of SSU/LSU interaction, one 
might expect random inter-changes among homoeologs irrespective of parental origin. Yet even 
in Brassica only inter-genomic, maternal-to-paternal conversions were detected (in the paternal 
homoeolog, BnC6b). Relevant to this observation is that fact that SSU proteins need to be 
recognized by multiple cytoplasmic factors and transported to the surface membrane of the 
maternally derived plastid, where they are subjected to transmembrane transport into the plastids. 
It is possible that the gene conversion observed here reflects selection at this level, during some 
stage or process involved with maternal trans-membrane transport (Bruce 2000; Lee et al. 2002). 
Testing this idea is experimentally feasible, for example, through targeting mutations in the 
maternal-to-paternal conversion region in the BnC6b homoeolog and comparing its accumulated 
SSU proteins in the plastid stroma with SSU proteins from control B. napus individuals. At 
present, we are reporting an intriguing phenomenon that is suggestive of a newly described 
dimension of cytonuclear evolution.   
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Transcriptional cytonuclear coordination of rbcS homoeologs 
In addition to the gene sequence data and gene conversion evidence for cytonuclear 
accommodation to the polyploid state, we also explored gene expression levels to test whether 
there is biased expression of maternally derived rbcS genes.  In three of the four allopolyploids 
(all but B. napus), relative to the paternal homoeologs with no inter-genomic conversion, 
paternal homoeologs with maternal-to-paternal conversions uniformly displayed preferential 
expression, consistent with our previous observations in Gossypium (Gong et al. 2012). This 
repeatedly observed, biased homoeolog expression among diverse allopolyploids is suggestive of 
selection at the level of transcript accumulation with a fitness advantage for SSU-encoding 
transcripts that carry maternal-like sequences. We note that biased expression of the paternal 
homoeolog was observed even in Brassica.  
 
Conclusion 
Here we have explored two dimensions of possible coordination and regulation of rubisco 
component subunits following allopolyploidization in plant species. We have confirmed that 
concerted evolution among divergent ancestral, duplicated copies of rbcS genes is a consistent 
feature of allopolyploid plants. We have shown that inter-paralog gene conversion is common at 
the diploid level and that it continues among homoeologs at the allopolyploid level, with a 
preferential occurrence of maternal-to-paternal, inter-genomic conversions in signaling and 
regulatory domain of SSU genes. In most allopolyploids, this is accompanied by biased 
expression of paternal homoeologs carrying maternal-like gene conversions. Taken together, 
these data are consistent with cytonuclear selection following the reunion of two diverged 
genomes in a single cytoplasm as a consequence of allopolyploid speciation. Importantly, our 
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analysis focuses only on cytonuclear coevolution of rubisco genes at the DNA and RNA levels; 
clearly much work remains for other potentially relevant dimensions of the problem, including 
studies of incorporation efficiency of divergent homoeologous SSUs into the rubisco 
holoenzyme, similar explorations in other cytonuclear co-encoded complexes assembled in 
cytoplasmic organelles, stoichiometric changes in organelle and organellar genome abundances 
in each polyploid cell compared to the cells of their diploid parents, and many other dimensions 
of protein trafficking into organelles.  
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Figures and Tables 
Figure 1. Alignment of Arabidopsis rbcS orthologs and homoeologs with featured SNPs and 
gene conversion events highlighted in the exons.  An exemplary cloned cDNA at the bottom (in 
light blue) is aligned with genomic rbcS homologs to ascertain rbcS exons/introns structure. 
Only featured SNPs and gene conversions in exonic regions are illustrated here. Conserved 
nucleotides in all orthologs and homoeologs are shown in grey. Homologs of maternal and 
paternal origins are highlighted in orange and green, respectively. Species-specific SNP positions 
(748 and 776) are marked by yellow ovals above the alignment blocks. Multiple genome-unique 
SNPs in diploid parental copies are shown in orange (maternal) and green (paternal) text. 
Autapomorphic substitutions in polyploid homoeologs are shown in pink. Inferred intra- and 
inter-subgenomic gene conversion events are in blue and red boxes, respectively. For the 
positions involved in inter-subgenomic gene conversion, the parental origin of each inter-
subgenomic converted nucleotide is illustrated by color (maternal origin - orange; paternal origin 
- green). Polyploid homoeologs with mosaic filled color boxes are the copies having inter-
genomic conversions. At the bottom of each alignment block, numbered gene conversion events 
resulting in synonymous/non-synonymous substitutions are marked in blue and purple diamonds, 
respectively.  
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Figure 2. Evolutionary history of rbcS genes in diploid species in four genera. Gene names in 
maternal and paternal diploid species are denoted in orange and green, respectively. Unusually 
divergent rbcS paralogs are shown in blue, which includes orthologous groups 1A and a3 in 
Arabidopsis, A1 and B1 in Arachis, A1 and C1-C3 in Brassica, and S5 and T5 in Nicotiana. 
Because gene conversion at the diploid level has homogenized sequence pairs in many cases, the 
number of different gene copies is lower than the number of actual gene copies; homogenized 
copies are shown by anastomosing double helices. 
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Figure 3. Alignment of SSU proteins encoded by rbcS orthologs and homoeologs in Arabidopsis 
lineage. Maternal and paternal origin of each rbcS homolog is highlighted in orange and green 
color, respectively. Conserved amino acids are shown in grey, whereas polymorphic amino acid 
substitutions are in black. The synonymous/non-synonymous substitutions caused by gene 
conversions are marked using different diamonds as in Figure 1. Essential interface regions in 
SSUs, the predicted βA/βB loops where SSUs contacts with LSUs, are shown by open grey 
boxes. 
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Figure 4. Summary of gene conversions in multiple SSU domains. Gene conversion events 
among homoeologs from the same and different genomic origins, defined as intra- and inter-
genomic conversion events, are shown in the right and left panels, respectively. Within each 
functional SSU domain (on the x-axis), the total numbers of conversion events introducing 
synonymous and non-synonymous amino acid substitutions are denoted by green and blue bars, 
respectively. The pink and red frames around each green and blue bar highlight conversion 
directions, paternal to maternal (paternal state introduced into maternal homoeologs) and 
maternal-to-paternal (maternal state introduced into paternal homoeologs), respectively. 
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Table 1. Non-synonymous substitutions of rbcL sequences in species* of four polyploid lineages.  
Arabidopsis 
Amino acid 
position 
♀A. thaliana 
(Columbia-0) 
A. suecica  
(Sue16) 
♂A. arenosa     
(Strecno) 
318 I I V 
458 T T R 
464 I I V 
Arachis 
Amino acid 
position 
♀A.duranensis 
(PI 219823) 
A.hypogaea 
 (PI 161303) 
♂A.ipaensis           
(PI 468322) 
2 M M I 
3 L L S 
260 G G E 
Brassica 
Amino acid 
position 
♀B. rapa 
(PI649186) 
B. napus  
(PI633141) 
♂B. oleracea 
(PI385959) 
No non-synonymous substitution 
Nicotiana 
 
Amino acid 
position 
♀N. sylvestris 
(A403750326) 
N. tabacum 
 (095-55) 
♂N. tomentosiformis 
(NIC 479/84)  
124 R R C 
 422 K K Q 
 
 
*Accession listed under each species. Allopolyploids are shown in the central column, with 
maternal and paternal parents on the left and right, respectively. 
  
  
 
108
Table 2. Summary of exonic genome-unique, species-specific, and autapomorphic SNPs in 
species of five polyploid lineages*  
Lineage 
Diploids  Polyploids 
Genome-unique SNPs Species-specific SNPs Autapomorphic SNPs
 
 
Arabidopsis 35 (7.14%) 
=11(2.24%)+24(4.90%) 748
th
 and 776th 37 (7.55%) 
Arachis 16 (3.32%) 
=5(1.04%)+11(2.28%) None 18 (3.73%) 
Brassica 54 (10.06%) 
=24(4.47%)+30(5.59%) None 18 (3.35%) 
Nicotiana 54 (11.79%) 
=14(3.06%)+40(8.73%) None 11 (2.40%) 
Gossypium =26 (4.73%) 
=24(4.37%)+2(0.36%) 546
th
 and 629th 44 (8.01%) 
 
*Shown are the numbers and proportions of each SNP category across all sequenced exonic 
nucleotide positions. 
  
 109
 
Table 3. Comparisons of homoeolog expression in five polyploids.  
Species Homoeolog pairs in comparision* Expression differences§ 
Z-value 
=Difference/(Variance)1/2 
Significance 
(one-side) 
A. suecica Asa2a VS. Asa2b -327 -17.166 p<0.001 
A. hypogaea AhB3a VS. AhB3b -2908† -9.09 p<0.001 
B. napus BnC6a VS. BnC6b 2202 47.057 p<0.001 
N. tabacum NtT3a VS. NtT3b -4559 -69.69 p<0.001 NtT4a VS. NtT4b -4166 -33.49 p<0.001 
G. hirsutum GhD-short1 VS. GhD-short2 -1870† -30.45 p<0.001 
 
*The homoeolog without maternal-to-paternal conversions is listed first. 
§Negative expression differences are interpreted as biased expression of homoeolog copies with maternal-to-paternal gene 
conversions relative to the homoeologs without such conversions.  
†Those two RNA sequencing experiment involved three biological replicates generated from mature leaves (Peggy Ozias-Akins et al., 
unpublished data and SRA056385 in Yoo et al. 2013). Expression difference shown is from one replicate of each experiment. 
Significant expression differences are consistently identified at the same p-value level for all other replicates (not shown). 
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Supporting Information 
 
Since this chapter is still under panel review of Molecular Biology and Evolution, there is no 
public available database to download all its supplementary files. Besides the legend of each 
supplementary figure/table, their original table S1-S4 and figure S1-S8 are all included in this 
section. 
 
Figure S1. Alignment of Arachis rbcS orthologs and homoeologs. An exemplary cloned cDNA 
(in light blue, bottom) is aligned with genomic rbcS homologs to show rbcS gene structure 
(exons/introns). Featured SNPs and gene conversions in exonic regions are illustrated here. 
Conserved nucleotides are shown in grey. Homologs with maternal and paternal origins are 
highlighted in orange and green, respectively. Multiple genome-unique SNPs in copies from 
progenitor diploids are in orange (maternal) and green (paternal).  Autapomorphic substitutions 
in sequences from the allopolyploid are shown in pink. Intra- and inter-subgenomic gene 
conversion events are framed in blue and red boxes, respectively. For the positions involved in 
inter-subgenomic gene conversion, the parental origin of each converted nucleotide is illustrated 
by colors in the red boxes (maternal origin in orange; paternal origin in green). Homoeologs with 
mosaic filled color boxes are the copies having inter-genomic conversions. At the bottom of each 
alignment block, numbered gene conversion events resulting in synonymous/non-synonymous 
substitutions are marked in blue and red diamonds, respectively. 
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Figure S2. Alignment of Brassica rbcS orthologs and homoeologs with featured SNPs and gene 
conversions in exons. Details are as in Figure S1. 
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Figure S3. Alignment of Nicotiana rbcS orthologs and homoeologs with featured SNPs and gene 
conversions in exons. Details are as in Figure S1. 
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Figure S4. Correlation between diploid divergence time and proportions of exonic genome-
unique SNPs of rbcS genes in diploids of five genera. The x-axis shows divergence time of 
diploids within each lineage in “Million Years Ago” (MYA); the y-axis is the proportions of 
exonic positions occupied by genome-unique SNPs. The squared correlation coefficient (R2) was 
calculated based on four data points of Arabidopsis, Arachis, Nicotiana, and Gossypium 
represented by the green squares whereas with exceptional Brassica (in blue diamond) was 
excluded.  
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Figure S5. Proportions of exonic auto-apomorphic SNPs accumulated in rbcS polyploid 
homoeologs. The polyploid species names and their formation time are listed on the x-axis in 
scale of “Years Ago” (YA). Corresponding proportions of exonic auto-apomorphic SNPs are 
represented in each column bar on y-axis. 
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Figure S6. Alignment of SSU proteins encoded by rbcS in Arachis. Maternal or paternal origin 
of each rbcS homologs is highlighted in orange and green, respectively. Conserved amino acids 
are shown in grey, whereas polymorphic amino acid substitutions are in black characters. 
Synonymous/non-synonymous substitutions caused by gene conversions are marked using 
diamonds as in Figure S1. Interface regions in SSUs, the predicted βA/βB loop where SSU 
contacts with LSUs, are framed in the open grey boxes. 
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Figure S7. Alignment of SSU proteins encoded by rbcS in Brassica lineage (see legend of 
Figure S6). 
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Figure S8. Alignment of SSU proteins encoded by rbcS in Nicotiana. See legend of Figure S6. 
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Table S1. Primers designed to amplify rbcL genes.  
*Maternal diploid and/or polyploid species of each lineage are listed in this column; 
§ Primers were designed based on available rbcL genes annotated in NCBI plastid genomes 
(http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=2759&opt=plastid) and/or the homologous EST contigs deposited 
in PlantGDB (http://www.plantgdb.org/prj/ESTCluster/progress.php), respectively.  
Lineage  Species* Strand Sequences (5'->3') 
Resources§ 
Chloroplast 
genome accession 
number in NCBI 
EST assembly in 
PlantGDB  
Arabidopsis A.thaliana 
Sense ATGTCACCACAAACAGAGACTA 
 NC 000932 Yes 
Anti-sense CTACTCTTGGCCATCTAATT 
Arachis 
A.duranensis Sense ATGAGTTGTAGGGAGGGA 
None Yes 
A.hypogaea    Anti-sense TTACAAAGTATCCATTGCTGGG 
Brassica B.napus 
Sense ATGTCACCACAAACAGAGACT 
NC 016734 Yes 
Anti-sense CTAGTCTTGGCCATCTAATT 
Nicotiana N.sylvestris Sense ATGTCACCACAAACAGAGACT NC 007500 Yes Anti-sense TTACTTATCCAAAACGTCCACT 
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Table S2. Primers designed to amplify rbcS genes.  
*Names of corresponding annotated rbcS genes cloned in each diploid species are tabulated in this column. 
§Primers were designed based on blast hits of rbcS genes in available genome assemblies and EST contigs in PlantGDB. 
Corresponding links of these assemblies are included. Unpublished genome assemblies are specifically denoted.  
Lineage Diploid 
species 
Target 
gene 
copy* 
Strand Sequences (5'->3') Resources§ 
Arabidopsis 
A. thaliana 
1A 
Sense TCTATGCTCTCTTCCGCTACTA 
ftp://ftp.jgi-
psf.org/pub/compgen/phy
tozome/v9.0/Athaliana/as
sembly/ 
Anti-Sense TTAACCGGTGAAGCTTGGT 
1B 
Sense TTCCTCTATGCTCTCCTCTG 
Anti-Sense TTAAGCATCAGTGAAGCTT 
2B 
Sense ATGGCTTCCTCTATGYTCTCYT 
Anti-Sense TTAAGCTTCGGTGAAGCTTGGG 
3B 
Sense CCGCCGCTGTGGTTACA 
Anti-Sense GGCTTGTAGGCAATGAAACTGA 
A. arenosa 
a1 
Sense TTCCTCTATGCTCTCCTCCG 
http://comailab.genomece
nter.ucdavis.edu/index.ph
p/The_A._arenosa_geno
me 
Anti-Sense GATGATCCTAATGAAGGCATT 
a2 Sense TTACCTCCCCAGCTCAAC 
Anti-Sense GGCTTGTAGGCGATGAAAC 
a3 
Sense TCTATGCTCTCTTCCGCTAC 
Anti-Sense TTAACCGGTGAAGCTTGGT 
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Table S2 (continued) 
Arachis 
A. duranensis 
A1 
Sense CCTCCATGATTTCCTCCA http://www.plantgdb.org/dow
nload/download.php?dir=/Seq
uence/ESTcontig/Arachis_dur
anensis 
Anti-Sense AACGTTGTCGAATCCGATGATC 
A2 
Sense ATGGCWWCCTCCATGATYTCCK 
Anti-Sense TTARTAGCCCKSKGGCTTGTAR Unpublished genome 
assembly prepared by Dr. Ran 
H. Hovav et al. 
A3 
Sense 
Identical with A2 primer pair 
Anti-Sense 
A. ipaensis 
B1 
Sense 
Identical with A2 primer pair 
http://www.plantgdb.org/dow
nload/download.php?dir=/Seq
uence/ESTcontig/Arachis_ipa
ensis 
Anti-Sense 
B2 Sense ATTTCCTCCCCTGCTTTCACCA 
Anti-Sense TTGGCGAACGTTGTCGAAA Unpublished genome 
assembly prepared by Dr. Ran 
H. Hovav et al. 
B3 
Sense ATTTCCTCCCCTGCTTTCACCG 
Anti-Sense Identical with B2 anti-sense primer 
 
Brassica B. rapa 
A1 
Sense GAAAAGGAGATATGTCTTCCGT 
Unpublished genome 
assembly prepared by Dr. 
Chris J. Pires et al. 
Anti-Sense GTTTGTTGTTTACACAAAGCAA 
A2a 
and 
A2b 
Sense GAAGAAGAAGTAGTAATGGCT 
Anti-Sense TATGAAATGTCTTACAACGCG 
A3 
Sense ATAGACAAACAAGTAAGTTAA 
Anti-Sense TTATTATGTGAATGTCATAGC 
A4 
Sense 
Identical with A3 primer pair 
Anti-Sense 
A5 
Sense AGACAAACAAGTAAGTAAGAG 
Anti-Sense TATTATATGATTGTTTTAGAA 
A6 
Sense GAAGAAGAGAAGAACTAGTAC 
Anti-Sense TATTATATGAATGTTTTAGAC 
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Table S2 (continued) 
 
B. oleracea 
C1 
Sense GTAAAGAAGAAATAGGAAAGGT 
Unpublished genome 
assembly prepared by Dr. 
Chris J. Pires et al. 
Anti-Sense ACACAAAGCAATGAAGCTGTG 
C2 
Sense 
Identical with C1 primer pair 
Anti-Sense 
C3 
Sense TAACAAATAGAAAAGGGGATATGT 
Anti-Sense Identical with C1 anti-sense primer 
C4 
Sense GAAGAAGTAGTAATGGCTTC 
Anti-Sense ATTATGTGAATGTCATAGC 
C5 
Sense 
Identical with C4 primer pair 
Anti-Sense 
C6 
Sense GCAATAGACTAACAGTAAGAG 
Anti-Sense AGATATTATTATATGAAAGCG 
C7 
Sense GAAAAGAGAAAAAGAAGTAA 
Anti-Sense TATATGATTATTTTAGAAAGG 
C8a 
and 
C8b 
Sense AAGAACTAGTACGTAATGGCT 
Anti-Sense ATATGAATGTTTTAGACAACG 
 
Nicotiana N. sylvestris 
S1 
Sense GCAGCAGTTGCCACCCGCAG 
ftp://ftp.ncbi.nlm.nih.gov/gen
bank/genomes/Eukaryotes/pla
nts/Nicotiana_sylvestris/Nsyl/ 
Anti-Sense GCAATGAAACTGATGCACTGCACTT 
S2 
Sense GCAGCAGTTGCGACCGGCGCT 
Anti-Sense GCGATGAAACTGATGCAT 
S3 
Sense GCAGCAGTTGCGACCGGCA 
Anti-Sense GCGATGAAACTAATGCAC 
S4 
Sense GCAGCAGTTGCCACTGGCGCT 
Anti-Sense Identical with S2 anti-sense primer 
S5 Sense GCAGCAGTTGCCACCGGCGCC 
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Table S2 (continued) 
 
  
Anti-Sense GCGATGAAACTGATGCAC 
 
N. tomentosiformis
T1 
Sense GCAGCAGTTGCCACTCGCAC 
ftp://ftp.ncbi.nlm.nih.gov/gen
bank/genomes/Eukaryotes/pla
nts/Nicotiana_tomentosiformi
s/Ntom_v01/ 
Anti-Sense Identical with S1 anti-sense primer 
T2 
Sense GCAGCAGTTGCGACCGGCGCC 
Anti-Sense GCAATAAAACTGATGCAC 
T3 
Sense Identical with T2 sense primer 
Anti-Sense Identical with S2 anti-sense primer 
T4 
Sense GCAGCAGTTGCCACCGGCGCT 
Anti-Sense Identical with S2 anti-sense primer 
T5 
Sense Identical with T2 sense primer 
Anti-Sense GCAATAAAACTGATGCAC 
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Table S3. Resources of RNA sequencing data for homoeolog expression comparisons in leaf tissues of polyploid species.  
* RNA sequencing data of polyploid Arachis hypogaea were provided by Dr. Peggy Ozias-Akins (University of Georgia, USA) and 
are not yet public. 
Species SRA accession number Ftp links of SRA data 
Arabidopsis suecica SRR071240 ftp://ftp-trace.ncbi.nlm.nih.gov/sra/sra-instant/reads/ByExp/sra/SRX/SRX030/SRX030141/SRR071240/ 
Brassica napus SRR643410 ftp://ftp-trace.ncbi.nlm.nih.gov/sra/sra-instant/reads/ByExp/sra/SRX/SRX213/SRX213695/ 
Nicotiana tabacum SRR1067863 ftp://ftp-trace.ncbi.nlm.nih.gov/sra/sra-instant/reads/ByRun/sra/SRR/SRR106/SRR1067863 
Arachis hypogaea* Unpublished data prepared by Dr. Peggy Ozias-Akins et al. 
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Table S4. Homoeolog-specific SNPs in four polyploid species.  
*Coordinates of each SNP position in the alignments of the genomic rbcS homoeologs 
and only exonic rbcS homoeologs (with introns excluded) are listed in separate columns.  
Arabidopsis 
homoeologs 
Nucleotide 
composition 
Nucleotide position 
 (in genomic 
alignment) 
Nucleotide position 
 (in exonic 
alignment)* 
A.suecica-Asa1 c 68 68 
A.suecica-Asa1 t 101 101 
A.suecica-Asa1 t 105 105 
A.suecica-Asa1 t 288 174 
A.suecica-Asa1 a 323 209 
A.suecica-Asa1 a 735 438 
A.suecica-Asa2a t 740 443 
A.suecica-Asa3 a 23 23 
A.suecica-Asa3 c 263 149 
A.suecica-Asa3 g 264 150 
A.suecica-Asa3 c 281 167 
A.suecica-Asa3 t 626 329 
A.suecica-Asa3 a 716 419 
A.suecica-Asa3 g 758 461 
A.suecica-As1A t 23 23 
A.suecica-As1A a 40 40 
A.suecica-As1A t 83 83 
A.suecica-As1A c 135 135 
A.suecica-As1A g 263 149 
A.suecica-As1A a 345 231 
A.suecica-As1A t 600 303 
A.suecica-As1A a 602 305 
A.suecica-As1A c 713 416 
A.suecica-As1B t 44 44 
A.suecica-As1B a 356 242 
A.suecica-As2B t 24 24 
A.suecica-As2B t 65 65 
A.suecica-As2B a 71 71 
A.suecica-As2B a 116 116 
A.suecica-As2B t 317 203 
A.suecica-As2B a 623 326 
A.suecica-As2B t 719 422 
A.suecica-As3B a 5 5 
A.suecica-As3B a 81 81 
A.suecica-As3B g 89 89 
A.suecica-As3B c 95 95 
A.suecica-As3B a 383 269 
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Table S4 (continued) 
   
Arachis 
homoeologs 
Nucleotide 
composition 
Nucleotide position  
(in genomic 
alignment) 
Nucleotide position 
 (in exonic alignment) 
A.hypogaea-AhA1 g 988 455 
A.hypogaea-AhB3a g 17 17 
A.hypogaea-AhB3a a 32 32 
A.hypogaea-AhB3a g 92 92 
A.hypogaea-AhB3a a 841 308 
A.hypogaea-AhB3b a 129 129 
A.hypogaea-AhB3b t 575 191 
Brassica 
homoeologs 
Nucleotide 
composition 
Nucleotide position 
 (in genomic 
alignment) 
Nucleotide position 
 (in exonic alignment) 
B.napus-BnA1 t 367 178 
B.napus-BnA1 t 388 199 
B.napus-BnA1 g 472 283 
B.napus-BnA2a a 798 409 
B.napus-BnA2b a 16 16 
B.napus-BnA2b g 28 28 
B.napus-BnA2b g 690 301 
B.napus-BnA5b a 445 256 
B.napus-BnA6 c 918 529 
B.napus-BnC1 t 41 41 
B.napus-BnC1 a 92 92 
B.napus-BnC1 t 151 151 
B.napus-BnC2 g 3 3 
B.napus-BnC2 a 146 146 
B.napus-BnC2 g 903 514 
B.napus-BnC3 a 43 43 
B.napus-BnC3 g 82 82 
B.napus-BnC3 c 371 182 
B.napus-BnC3 a 460 271 
B.napus-BnC3 a 688 299 
B.napus-BnC3 g 731 342 
B.napus-BnC3 t 896 507 
B.napus-BnC6a c 158 158 
B.napus-BnC6a t 819 430 
B.napus-BnC6a t 831 442 
B.napus-BnC6a g 894 505 
B.napus-BnC7 a 132 132 
B.napus-BnC8a g 127 127 
B.napus-BnC8a a 792 403 
B.napus-BnC8a t 825 436 
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Table S4 (continued) 
Nicotiana 
homoeologs 
Nucleotide 
composition 
Nucleotide position  
(in genomic 
alignment) 
Nucleotide position 
 (in exonic alignment) 
N.tabacum-NtS1b t 1010 282 
N.tabacum-NtS2 c 93 93 
N.tabacum-NtS2 t 719 162 
N.tabacum-NtS2 t 776 219 
N.tabacum-NtS3 a 22 22 
N.tabacum-NtS3 c 1013 285 
N.tabacum-NtS3 a 1025 297 
N.tabacum-NtS3 g 1031 303 
N.tabacum-NtS3 a 1248 375 
N.tabacum-NtS3 a 1302 429 
N.tabacum-NtS3 t 1317 444 
N.tabacum-NtS4 c 120 120 
N.tabacum-NtS5 g 63 63 
N.tabacum-NtS5 c 776 219 
N.tabacum-NtS5 t 1037 309 
N.tabacum-NtS5 t 1311 438 
N.tabacum-NtS5 t 1314 441 
N.tabacum-NtT1 a 692 135 
N.tabacum-NtT1 c 698 141 
N.tabacum-NtT1 t 702 145 
N.tabacum-NtT1 a 703 146 
N.tabacum-NtT1 g 705 148 
N.tabacum-NtT1 g 706 149 
N.tabacum-NtT1 a 722 165 
N.tabacum-NtT1 c 740 183 
N.tabacum-NtT1 a 746 189 
N.tabacum-NtT1 a 771 214 
N.tabacum-NtT1 t 806 249 
N.tabacum-NtT1 g 997 269 
N.tabacum-NtT1 c 1043 315 
N.tabacum-NtT1 t 1224 351 
N.tabacum-NtT1 a 1251 378 
N.tabacum-NtT1 g 1262 389 
N.tabacum-NtT1 g 1285 412 
N.tabacum-NtT3a t 998 270 
N.tabacum-NtT3b g 1286 413 
N.tabacum-NtT4a t 1019 291 
N.tabacum-NtT4a a 1207 334 
N.tabacum-NtT5 t 751 194 
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CHAPTER 4 
COMPOSITION AND EXPRESSION OF CONSERVED MICRORNA GENES IN 
DIPLOID COTTON (GOSSYPIUM) SPECIES 
 
A paper published in Genome Biology and Evolution, 2013, 5 (12): 2449-2459 
Lei Gong, Atul Kakrana, Siwaret Arikit, Blake C. Meyers, and Jonathan F. Wendel 
 
 
Abstract 
MicroRNAs are ubiquitous in plant genomes but vary greatly in their abundance 
within and conservation among plant lineages. To gain insight into the evolutionary 
birth/death dynamics of microRNA families, we sequenced small RNA and 5’-end PARE 
libraries generated from two closely related species of Gossypium. Here we demonstrate 
that 33 microRNA families, with similar copy numbers and average evolutionary rates, 
are conserved in the two congeneric cottons. Analysis of the presence/absence of these 
microRNA families in other land plants sheds light on their depth of phylogenetic origin 
and lineage-specific loss/gain. Conserved microRNA families in Gossypium exhibit a 
striking interspecific asymmetry in expression, potentially connected to relative 
proximity to neighboring transposable elements. A complex correlated expression pattern 
of microRNA target genes with their controlling microRNAs indicates that possible 
functional divergence of conserved microRNA families can also exist even within a 
single plant genus. 
 
Introduction 
MicroRNAs (miRNAs) are a diverse category of nuclear-encoded small RNAs 
that play multiple, central functions in eukaryotic development, stress responses and 
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many other biological processes (Mallory and Vaucheret 2006; Voinnet 2009; Axtell 
2013). Primary transcripts (Pri-miRNA) encoded by microRNA (miRNA) genes fold into 
a stem-loop structure of the precursor transcript (pre-miRNA), which is further cleaved 
into the mature miRNA duplex, mostly by RNase III domain nucleases (Carthew and 
Sontheimer 2009). Mature miRNAs in the miRNA-miRNA* duplexes specifically 
recognize target transcripts via bound Argonaute (AGO) proteins, which facilitate 
cleavage (between the 10th and 11th nucleotide position from the 5’-end of the miRNA) of 
bound target genes and/or trigger translation repression via binding to the 3’UTR or 
coding region of the target mRNAs (Carthew and Sontheimer 2009).  
 
Many miRNA families are conserved across vast phylogenetic scales, with some 
conserved within entire kingdoms (Zhang et al. 2006; Lee et al. 2007; Grimson et al. 
2008). Different lineages, however, also contain miRNA genes with more restricted 
phylogenetic distributions (Voinnet 2009; Fahlgren et al. 2010), although our 
understanding of these distributions remains relatively limited. In plants, many miRNA 
genes are family- or species-specific (Cuperus et al. 2011), suggesting that miRNA genes 
in plants arose and diverged on scales ranging from family to species. These lineage-
specific miRNAs tend to be expressed at low levels, and may be transient miRNA genes 
that evolve neutrally (Axtell 2008; Fahlgren et al. 2010). Conserved miRNAs, which 
often have higher expression levels, appear to be characterized by a history of duplication 
and further sub- and/or neofunctionalization, and regulate the gene expression of multiple 
targets (Maher et al. 2006; Chen and Rajewsky 2007; Rubio-Somoza et al. 2009; 
Debernardi et al. 2012). The foregoing suggests that miRNA gene evolution entails 
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complex and as yet relatively poorly understood birth/death dynamics. Insights into these 
dynamics may emerge from comparative evolutionary analysis of miRNA gene content 
and function in two or more closely related species within individual genera.  
 
This perspective motivated the present study of miRNA gene content in the 
phylogenetically well-understood cotton genus (Gossypium L.). Among the 45 diploid (n 
= 13) species, two diploid clades, the Old World, A-genome and the New World, D-
genome, diverged from a common ancestor about 5-10 million years ago, subsequently 
acquiring a nearly two-fold difference in genome size (Wendel et al. 2009; Wendel et al. 
2010; Wendel et al. 2012). During the mid-Pleistocene (~1-2 mya), representatives of 
these two divergent genomes became reunited in a common nucleus following 
hybridization and genome doubling, giving rise to a lineage now represented by modern 
allopolyploid (AD genome) cottons, which dominate cotton commerce worldwide. 
Gossypium arboreum (A2) and G. raimondii (D5) represent reasonably good models of 
the two diploid progenitors of allopolyploid cotton (Wendel et al. 2009; Wendel et al. 
2010). Accordingly, Gossypium is a useful model for investigations of the genomic, 
transcriptomic, and proteomic consequences of polyploidy in plants (Hawkins et al. 2006; 
Hu et al. 2011; Wendel et al. 2012; Yoo et al. 2013).  
 
Here we focus on the evolution of conserved miRNA genes in diploid cotton 
species. This work was enabled by the recent completion of the first high-quality genome 
assembly for G. raimondii (Paterson et al. 2012) along with G. arboreum genome 
assembly (Udall and Page, unpubl.). We performed deep sequencing of small RNA 
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libraries in conjunction with degradome (5’-end PARE, Parallel Analysis of RNA Ends) 
and RNA-Seq analyses in both diploid species, in the process describing miRNA 
compositional diversity and expression, the origin of miRNA genes, miRNA gene 
expression, and miRNA target composition and correlated expression. These analyses 
reveal stability of conserved miRNA gene families accompanying the divergence of two 
congeneric species, but that this stability is accompanied by a striking interspecific 
asymmetry in miRNA gene expression and correlated expression patterns of their 
regulated target genes. 
 
Materials and Methods 
Library construction and sequencing 
Three biological replicates of seedling leaves (3 cm in length, 7th post-
cotyledonary) of G. arboreum and G. raimondii were collected, from which total RNAs 
were extracted using the Concert™ Plant RNA Reagent (Invitrogen, Cat. #12322-012). 
Gel-size selection of small RNAs and subsequent sequencing library construction were 
completed as described (Lu, et al. 2007). Using the same total RNAs, 5’-end PARE 
(Parallel Analysis of RNA Ends) libraries were constructed following Zhai et al. 2013 
(Zhai et al. 2013). Small RNA libraries and 5’-end PARE libraries were sequenced on the 
Illumina GA II sequencer, yielding 36-nucleotide reads at the Sequencing and 
Genotyping Center at the University of Delaware. FAstaq files of raw sequencing reads 
are deposited in NCBI SRA database (SRR1029586 - SRR1029588 and SRR616255 - 
SRR616257). Small RNA libraries After preliminary processing, which involves adaptor 
trimming and poor-quality read filtration using our in-house tool “SSRTrim” (Solexa 
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Small RNA Trimmer) with default parameter settings, FASTA-formatted reads were 
readied for analysis.   
 
miRNA annotation 
Annotation of G. raimondii miRNAs in leaves has been described (Paterson et al. 
2012), in which all the three replicates were combined into one file. MicroRNA 
annotation in G. arboreum was completed following the same workflow, except that an 
in-house genome assembly (unpubl.) of G. arboreum (A2) was utilized as the initial 
reference genome for mapping the G. arboreum small RNA reads. The unpublished 
genome sequence for G. arboreum is freely available at the Comparative Evolutionary 
Genomics of Cotton website 
(http://128.192.141.98/CottonFiber/pages/genome/sequence.aspx). Some general quality 
indexes of this assembly are listed here: coverage of the genome after mapping and 
assembly (63.2%), number of scaffolds (1612870), and N50 scaffold length (2092 bp). 
Additionally, because mean scaffold length and contiguity are lower for G. arboreum 
than for G. raimondii, the allowed maximum copy number of each miRNA family was 
increased to 35 in the miRDeep-P program (Yang and Li 2011). The miRNA annotation 
in G. raimondii was done a second time using these same parameters, to test for any 
effects of this parameter choice. Following established nomenclature (Meyers et al. 
2008), pre-miRNAs with four or fewer nucleotide substitutions in their mature miRNAs 
were categorized into one gene family. 
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MicroRNA families with stringent homology (less than four substitutions) to 
known plant miRNA families in miRBase 20 (Kozomara and Griffiths-Jones 2011) were 
categorized as “conserved”, and were named identically. Thus, miRNA families were 
tabulated into three categories (I, II, and III), representing, respectively, conserved and 
shared by both G. arboreum (A2) and G. raimondii (D5), conserved but detected only in 
G. arboreum (A2), and conserved but detected only in G. raimondii (D5).  
 
Target prediction and validation 
Based on the structural conservation of plant miRNA:target duplexes (Meyers et 
al. 2008), genome-wide target prediction was carried out using modified Targetfinder 1.6 
(http://carringtonlab.org/resources/targetfinder). A wrapper was written in Python to add 
multiprocessing capabilities to the original Targetfinder 1.6. This enabled target 
prediction at genome level, which would have been difficult to perform using original 
Targetfinder. No modification to miRNA-Target scoring schema was made. For the 
whole genome assembly of each species, miRNA:target duplex structures with score cut-
off less than or equal to 7.0 were considered. These predicted targets were validated using 
in house PARE prediction pipeline that employs Cleaveland3 algorithm for computing p-
values for miRNA:Target interaction from both geneic and intergenic regions, on basis of 
5’ ends PARE reads mapped to cleavage site (Addo-Quaye et al. 2009). These validated 
results were further filtered on basis of PARE reads abundance at cleavage site (>=5), p 
value (<0.05), abundance ratio of small to large window (>= 0.75). 
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Based on homology with CDS regions of the annotated protein-coding genes in G. 
raimondii (reciprocal blastn search using our in-house pipeline), 30,744 gene orthologs 
were determined in our G. arboreum genome assembly (unpublished data). The ID of 
each annotated gene in G. raimondii was assigned to corresponding gene ortholog in 
G.arboreum. In both species, if PARE verified cleavage site lies within boundry of 
putative/annotated protein-coding gene then the gene was accepted as PARE-verified 
target.  
 
Evaluation of miRNA duplication and divergence 
MicroRNAs in the same family were aligned using a local MAFFT tool version 
7.031 (Katoh and Standley 2013), using the E-INS-I algorithm with default parameters 
because of the miRNA features of conservative stems and variable loops. Pairwise 
divergence (π) among members in the same family (within-family π) was calculated for 
each miRNA family in each species using “ape” (version 3.0-8) and “pegas” (version 0.4-
4) packages in R workspace (Paradis et al. 2004; Paradis 2010). The density distributions 
of all within-family π values of different families were constructed (using R) for all 
conserved miRNA families. For each shared conserved (Categories I), within-family 
pairwise π values were compared to evaluate whether shared miRNA families maintained 
the same average evolutionary rate in two lineages after inheritance from their common 
ancestor. For this analysis, we used the Wilcoxon Rank Sum Test in R workspace 
(Wilcoxon 1947), where the FWER (Family-Wise Type I Error) rate was controlled at 
0.01 level using the Bonferroni correction. 
 
  
 
135
Characterization of miRNA gene expression in two species 
For the shared conserved miRNAs families, their expression difference was 
evaluated in terms of their expressed mature miRNA read counts. Filtered reads of all 
three replicates in each species were mapped to the corresponding pre-miRNAs in the 
same gene family using Bowtie 0.12.7, which only allowed at most 13 multiple mapping 
positions (the largest number of miRNA gene copies in two species, Table 1) and zero 
mismatch for each read (Langmead et al. 2009). In each replicate, the number of reads 
covering the mature miRNA regions of all pre-miRNAs in the same gene family was 
used to represent the expression of that gene family at the level of mature miRNAs. 
Differential expression of the shared and conserved miRNA families was determined 
using the Deseq package in R workspace (Anders and Huber 2010). Specifically, to 
minimize the variance introduced by the library size (or read depth), the initial RPM 
(reads per million)- normalized counts of each family in all replicates were further 
normalized using Deseq default normalization. Dispersion values were estimated using 
the defaulted “Maximum” method. The false discovery rate (FDR=0.05) was controlled 
by the Benjamini-Hochberg procedure (Benjamini and Hochberg 1995).  
 
Distribution of miRNA families relative to transposons in the two species 
Genome-wide annotations of transposable elements (TEs) for both genome 
assemblies were completed using a pipeline as described (Paterson et al. 2012). The TE 
closest to either end of a pre-miRNAs on the same strand was determined for all miRNA 
families, and the nucleotide distance between TEs and corresponding pre-miRNAs were 
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calculated. Distances were averaged within each miRNA family, and paired Student t-
tests were used to evaluate the statistical significance of determined differences.  
 
Characterization of miRNA target gene expression 
For miRNA families having significant differential expression between the two 
species, the transcriptional expression status of their target orthologous genes were 
characterized using published RNA-seq data and methods (Yoo et al. 2013). The number 
of reads mapped to each target ortholog in each sample replicate was normalized by both 
total number of reads sequenced in each library using RPM (Reads Per Million) and the 
Deseq default scaling factor. Between the two species, the difference of the averaged 
expression values of each ortholog pair was evaluated using one-tail Student’s t-test with 
unequal-variance.  
 
Results 
Conserved miRNA gene family composition in diploid cotton 
Deep sequencing of small RNA libraries from G. arboreum (A2) and in G. 
raimondii (D5) led to the identification of 33 conserved miRNA families shared with 
other plant genomes (Category I in Figure 1; Supplementary Tables S1 and S2), including 
122 and 127 miRNA genes in G. arboreum and G. raimondii, respectively. Notably, no 
single miRNA family was conserved between only one of the two sequenced cotton 
species and other plants (n = 0 for Categories II and III). For our annotated miRNA 
families with stringent homology with the Gossypium miRNA families already deposited 
in miRBase 20, we accepted these annotations as conserved miRNA families. Most 
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miRNAs from both species in Category I were 21 nucleotides in length (Figure 1, 72.22% 
in G. arboreum and 62.16% in G. raimondii), but there was a minority presence of 
miRNAs of other lengths in this category.  
 
We tabulated copy numbers for each miRNA family in Category I. Eighteen 
families (18/33=54.55%) had the same number of copies in the two cotton species (Table 
1), of which eleven (11/18=61.11%) contained only a single miRNA in both genomes. 
Overall, there was no significant difference in copy number for conserved miRNAs 
families in the two diploid Gossypium species (paired t-statistic = -1.02, df=31, p-value = 
0.32). 
 
Evolution of miRNA family 
To understand the origins and evolutionary histories of conserved miRNAs in 
Gossypium, we tabulated observations from other land plants, using sequences deposited 
in miRBase 20 (Supplementary Table S3). To diagnose the origin of each miRNA family 
during plant evolution in those most curated sequenced species (from Phytozome 9.0.1, 
http://www.phytozome.net/), we mapped miRNA family presence/absence onto the green 
plant tree (illustrated in Figure 2). MicroRNA families with possible alternative 
classifications (miR156/157, miR159/319, miR165/166, miR170/171, and miR473/477) 
were excluded from this analysis (Meyers et al. 2008). As illustrated (Figure 2), cotton 
miRNA families may be classified into four groups: (1) Those detected in multiple 
eudicots and monocots, indicating an ancient origin that predates angiosperms (purple 
shading); the absence of some of these families in some lineages therefore is most 
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parsimoniously explained by miRNA gene loss, allowing for the possible explanation of 
incomplete genome sequence data and incomplete miRNA annotations; (2) Four families 
(green shading), including miR2111, miR403, miR479, and miR828, are shared with 
other eudicots, including the relatively basal Vitis vinifera; these miRNAs likely have 
their origins near the base of the eudicots; (3) The four cotton-specific miRNA families, 
identified and deposited previously in miRBase 20 (miR2947, miR2948, miR2949, and 
miR3476, yellow shading in Figure 2), likely evolved in the more recent ancestry of 
Gossypium, which is confirmed by the lack of homologous loci in the genome sequences 
of all other species in Figure 2; ascertaining the phylogenetic extent of occurrence of 
these miRNA families will require sampling more genera in the Malvaceae and perhaps 
beyond; (4) Three additional families (miR2950, miR3627, and miR3441, pink shading) 
have a sporadic occurrence in both Gossypium and a few other species. For example, 
miR2950 was only detected in Vitis vinifera and Gossypium, the most parsimonious 
explanation of this being an independent origin. Alternatively, this miRNA may have 
been incorrectly annotated in one of the species. 
 
To evaluate whether shared miRNA families maintained the same average 
evolutionary rate in two lineages after inheritance from their common ancestor, we 
calculated pairwise nucleotide divergences (pairwise π) within each miRNA family 
within each species, and fitted these data onto smoothed histograms (Figure 3). As shown, 
curves in both species were similar, located within a range of π values from 0 - 0.55, and 
with non-significant p-values (p-values > 0.01) by Wilcoxon Rank Sum tests for all 
shared families. In addition, in both species, the majority of π values were clustered in a 
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range of values larger than 0.2; however, a peak at 0.16 in G. arboreum and a peak at 
0.24 in G. raimondii suggested two possible evolutionary duplication events of miRNA 
families (Figure 3).  
  
Comparative expression and distribution of miRNA genes 
Expression of mature miRNAs from the shared, conserved families was compared. 
Overall, 23 of the 33 shared, conserved miRNA families (23/33=69.70%) were 
differentially expressed in the two species (Figure 4). In the other 10 families (miR393, 
miR399, miR473/477, miR530, miR827, miR828, miR2111, miR2947, miR2949, and 
miR3823), the two cotton species exhibited similar expression levels. Most noticeable in 
Figure 4 is the result that among the differentially expressed families, all but one 
(miR398) were expressed more highly in G. arboreum than in G. raimondii.  
  
In an effort to account for why there was such asymmetric expression among 
miRNA families in the two species, the locations of miRNA families relative to their 
nearest transposable elements (TEs) were analyzed (Table 2). Although some exceptional 
miRNA families that had higher expression in G. arboreum than in G. raimondii were 
closer to the nearest TE in G. arboreum (A2), the overall distances of miRNAs to their 
nearest neighbor TE in G. arboreum was statistically higher than in G. raimondii (D5) 
(paired student-test, p < 0.05). In addition, the miRNAs with no differential expression 
have similar proximities to their nearest TEs in the two species (paired student-test, 
p>0.05). All of these results implicate a possible inverse relationship between the 
expression of miRNA genes and their distance to the nearest neighboring TEs. The 
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miR398 family, with uniquely higher expression in G. raimondii (D5) than in G. 
arboreum (A2), consistently showed a more distant distribution from its nearest 
neighboring TEs in G. raimondii (D5) (Table 2). 
 
Comparative expression of miRNA-targeted genes 
Following complementarity based target prediction, 100% of the annotated 
miRNA families in both species were believed to form potential miRNA:target duplexes. 
Among these, both species had a high proportion of families with PARE-verified cleaved 
targets (16/33=48.49% in G. arboreum and 22/33=66.67% in G. raimondii) 
(Supplementary Tables S4 and S5). The lower rate of PARE verification in G. arboreum 
and lack of PARE verification for one third of the families may reflect the relatively low 
coverage of the 5’-end PARE reads in G. arboreum at the cleavage sites on predicted 
miRNA:target duplexes. There were 14 overlapping miRNA families with PARE-verified 
targets in both species (Supplementary Table S6).  
 
To explore the potential functional implication of the asymmetric differential 
expression of conserved miRNA families (Figure 4), we studied the expression of their 
target genes in G. arboreum (A2) and G. raimondii (D5) (Figure 5 and Supplementary 
Table S7). For miRNA398, as discovered in Arabidopsis thaliana, miR398 mainly targets 
three kinds of genes via transcriptional cleavage: cytosolic CSD1 (AT1G08830) and 
chloroplast-localized CSD2 (AT2G28190), COX5b-1 (AT3G15640), and CCS1 
(AT1G12520) (Bonnet et al. 2004; Jones-Rhoades and Bartel 2004; Sunkar and Zhu 2004; 
Beauclair et al. 2010; Zhu et al. 2011). After searching by sequence homology, their 
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corresponding homologs in cotton species were determined (Figure 5a). Through 
Targetfinder prediction and PARE validation, all homologous genes in G. raimondii (D5) 
were also verified as target genes (Figure 5a). Given that the two cotton species have on 
average only about 1-2 % sequence divergence in their protein coding genes (Senchina et 
al. 2003; Flagel et al. 2012), it is reasonable to expect that their corresponding ortholog 
genes should also be targets of the same miR398 family. RNA-Seq data revealed that 
most of the miR398 target genes did not show significant differential expression in the 
two cotton species; however, the CSD2 gene (Gorai.009G090300) in G. arboreum (A2) 
was expressed at a significantly higher level than its ortholog in G. raimondii (D5) 
(Figure 5a; p < 0.001), suggesting a correlation between higher expression of miR398 
and responsive repression of CSD2. 
 
In addition to miR398, we examined gene expression in G. arboreum (A2) and G. 
raimondii (D5) of putative targets of the 21 miRNA families that exhibit higher miRNA 
expression in G. arboreum (A2) (Figure 4). To ensure a conservative list of target genes 
by each family, only the target gene homologs with PARE-verified cleavage sites 
identified in both species were included in this analysis. Using this stringency criterion, 
seven miRNA families with higher RNA-sequencing expression in G. arboreum (A2) 
survived this filter, for which there were 19 protein genes targeted (Figure 5b). Based on 
sequence homology with homologs in A. thaliana, the targeted genes were categorized 
into different functional groups. Notably, genes targeted by each miRNA family 
invariably have similar putative functions. For example, genes targeted by miRNA160 
were all auxin response factors (Figure 5b). Among the nine targeted genes with 
  
 
142
significant differential expression between the two cotton species, five gene homologs 
(Gorai.013G267100, Gorai.007G038100, Gorai.003G139800, Gorai.004G002100, and 
Gorai.005G098700) also had lower expression in G. arboreum (A2) than in G. raimondii 
(D5) (negative correlation with expression of their controlling miRNAs), but the other 
four genes (Gorai.002G181700, Gorai.010G046000, Gorai.006G008700, and 
Gorai.010G048800) were expressed significantly higher in G. arboreum (A2) (Figure 5b).  
 
Discussion 
It has long been apparent that miRNAs comprise a diverse assemblage of related 
sequences, which vary in their phylogenetic distribution and relative breadth of 
conservation among various plant families, yet there remain few studies of the genesis of 
this pattern. To gain insight into the evolutionary dynamics of miRNAs, we employed a 
phylogenetic comparative framework involving two closely related cotton species, G. 
arboreum and G. raimondii, whose divergence time is reasonably well-understood, and 
which have genomes that vary nearly two-fold in size. To accomplish this we performed 
deep sequencing of small RNA libraries combined with analyses of miRNA family 
composition, biogenesis history, miRNA expression, and composition and expression of 
miRNA-targeted genes.  
 
miRNA gene family conservation 
The 33 miRNAs families that were conserved between cotton and other species 
add to our understanding that most miRNA families are ancient and stable over vast 
evolutionary timescales (Figure 2). Specifically, for the two diploid cotton species, there 
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was no independent loss/gain of conserved miRNA families (Figure 1), similar copy 
numbers of conserved families (Table 1), and similar family-wide nucleotide diversities 
in both species (Figure 3). For comparison, in two sequenced Arabidopsis species (A. 
thaliana and A. lyrata) with clear miRNA annotations, there are 36 shared families but 
also two unshared families (miR447 exists only in A. thaliana and Vitis vinifera and 
miR1886 exists only in A. thaliana and Solanum tuberosum) (Fahlgren et al. 2010). Thus, 
conserved miRNA families, as expected, are not particularly evolutionary labile at the 
level of a single genus. This same conclusion appears to hold for copy numbers within 
miRNA families, noting the insignificant copy number variation of conserved families in 
the two cotton species (Figure 3, Table 1). 
 
Evaluation of the phylogenetic distribution of each conserved miRNA family 
detected in Gossypium provides additional insights into the patterns of gain and loss 
during land plant evolution. As noted earlier, most conserved miRNA families in 
Gossypium are ancient, with many arising prior to the origin of flowering plants (Jones-
Rhoades and Bartel 2004; Cuperus et al. 2011; Axtell 2013). As shown in Figure 2, 
however, new families of miRNAs arise and may be lost in a lineage-specific fashion at 
various phylogenetic depths, some tracing to the root of the eudicots or the root of 
asterids. It will be of interest to continue to explore the phylogenetic distribution of 
miRNA families, both to unravel the timing and nature of family origin and loss in 
different lineages, and also to set the stage for generating insight into the possible 
functional or adaptive significance of these patterns.   
 
  
 
144
 
Asymmetric expression of miRNAs: mechanisms and possible functional consequences 
Given the centrality of miRNAs in regulation of important physiological and 
developmental processes, it is of interest to explore differences in miRNA expression 
among different species. Here, 10 of the 33 conserved miRNA families were expressed at 
equivalent levels in both cotton species, even after their isolation in different lineages for 
5-10 million years. This data suggests, that these ancient miRNA families are 
functionally as well as evolutionarily stable. For the remaining 23 miRNA families 
conserved between Gossypium and other plants, there was a striking asymmetry in 
collective expression (Figure 4), with all but one (miR398) having higher expression in G. 
arboreum than in G. raimondii. Although multiple factors regulate miRNA expression in 
plants (Xie et al. 2010), one possible factor is differential accumulation of TEs, a feature 
that characterizes the two cotton genomes studied here (Hawkins et al. 2006). Because 
TEs often have repressive effects on proximal genes (Wang et al. 2013) via promoter 
disruptions, spread of epigenetically induced silencing, and antisense transcription 
(Kashkush et al. 2003; Zhang et al. 2008; Hollister and Gaut 2009; Ahmed et al. 2011), 
we studied the correlation between miRNA adjacency in cotton to nearby TEs. Our 
results are suggestive in this regard, but perhaps not compelling, with a statistically 
significant inverse relationship between the expression of miRNA genes and their 
distance to the nearest neighboring TEs, but with some notable exceptions (Table 2). The 
miR398 family, which uniquely exhibited higher expression in G. raimondii (D5) than in 
G. arboreum (A2), was also physically more distant from its nearest neighbor TE in G. 
raimondii (D5) (Table 2). Given the fact that G. raimondii  (D5) genome is half the size 
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of that of G. arboreum (A2), which is almost entirely due to less TE content in D5 than 
A2 (Hawkins et al. 2006; Grover and Wendel 2010), the possible effects of more loaded 
24nt siRNAs from over-represented TEs on lower expression of D5 miRNAs can be 
excluded. 
 
To explore whether asymmetric expression of conserved miRNAs had functional 
implications, we also analyzed expression of their downstream target genes (Figure 5). 
As confirmed repeatedly in both plants and animals (Axtell and Bartel 2005; Wang and 
Li 2009), and as recently observed in developing anthers of G. hirsutum (Wei et al. 2013), 
most target genes displayed a consistently negative expression correlation with their 
interacting regulatory miRNAs (Figure 5). For example, in leaves of diploid cottons (data 
presented here) and anthers in G. hirsutum (Wei et al. 2013), interactions of 
miR398:CSD2 (Gorai.009G090300), miR160:ARF16 (Gorai.013G267100), 
miR164:NAC100 (Gorai.007G038100), miR172:RAP2.7 (Gorai.003G139800), 
miR172:RAP2.7 (Gorai.004G002100), and miR396:GRF1 (Gorai.005G098700), were all 
identified and negative correlated expression was observed. Together with the described 
asymmetric expression of miRNA genes, responsive expression changes of target genes 
indicate a possible functional divergence of conserved miRNA families after speciation 
in the same genus. Exceptions to this expected pattern also were observed here, e.g., 
miR156/157:SBP factor (Gorai.002G181700), miR160:ARF17 (Gorai.010G046000), 
miR167:ARF6 (Gorai.006G008700), and miR170/171:GRAS factor (Gorai.010G048800) 
(Figure 5b). This absence of negative correlated expression between miRNA genes and 
their targets has also previously been reported in both plants and animals (Voinnet 2009; 
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Nunez-Iglesias et al. 2010; Lopez-Gomollon et al. 2012; Zhang et al. 2012). Thus, the 
functional significance of the striking asymmetry in conserved miRNA expression 
between the two cotton species remains obscure.  
 
There are many possible explanations for the absence of perfect negative 
correlation between miRNA expression and expression of presumptive targets. A partial 
list includes regulation at other levels, including mRNA stability, the myriad factors 
involved in transcriptional regulation, the possibility that miRNAs and their targets have 
spatially separated expression in different domains or cell types (Voinnet 2009), 
threshold effects between miRNA abundance and target regulation (Mukherji et al. 2011), 
and feedback effects, where binding of the target-encoded protein, as “trans” enhancing 
factors, to upstream regulatory regions of the controlling miRNAs result in positively 
correlated gene expression (Megraw et al. 2006; Wu et al. 2009). Collectively, these and 
other factors may be involved in the various expression patterns of target genes observed 
here for the two Gossypium species.  
 
Conclusion 
We have shown that genome-wide composition characterization and evolutionary 
comparison of miRNA genes provides new perspectives on miRNA evolution. The 
results demonstrate the temporal scale and scope of miRNA family conservation at 
several phylogenetic levels, and establish different origins and evolutionary histories of 
conserved miRNAs. Additionally, we demonstrate a striking asymmetric differential 
expression of the conserved, shared miRNA families in the two cotton species that is 
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inversely associated with distance to neighboring transposable elements and negatively 
correlated with the expression of their target genes in most cases. Additional 
phylogenetically informed, comparative analyses in other Gossypium species and related 
outgroups will improve our understanding of miRNA categorization, genesis, and 
subsequent evolutionary fate. These studies may be especially informative when 
combined with functional analysis, including, for example, the use of miRNA gene 
knock-down or enhancing mutants and/or target gene mutagenesis.  
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Figures and Tables 
Figure 1. Composition and length distribution of conserved miRNAs in G. arboreum 
(A2) and G. raimondii (D5). Shown is a diagram of conserved miRNA families (those 
previously annotated in Gossypium species and other plants). Category I: conserved 
miRNA families shared by both cotton species; Categories II and III: conserved miRNA 
families uniquely detected in either G. arboreum (A2) or G. raimondii (D5). Histograms 
of the length of mature miRNAs also are shown, with sequence lengths and frequencies 
denoted by the x- and y-axes, respectively. Orange, green, and blue colors denote 
information for G. arboreum (A2), G. raimondii (D5), and other plant species, 
respectively.  
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Figure 2. Conserved miRNA families in sequenced land plant species. In each sequenced 
land plant species (rows, with abbreviated miRBase three-letter names parenthesized) 
deposited in Phytozome 9.0.1, their miRNA families shared with conserved miRNA 
families (miRNA families with no alternative classifications) identified in G. arboreum 
(A2) and G. raimondii (D5) (columns) are tabulated. Each blue and white shaded cell 
represents presence and absence of a miRNA family in non-Gossypium species, 
respectively. Based on the phylogenetic tree (left), the cells shaded in other colors denote 
the groups of Gossypium miRNA families in terms of their origins and evolutionary 
histories: purple shading marks miRNA families with ancient origins that predate 
angiosperms; green shading denotes families that have their origins near the base of the 
eudicots; orange shading denotes families that have a recent ancestry which includes at 
least Gossypium; and pink shading marks miRNA families with independent sporadic 
occurrences in both Gossypium and other taxa. 
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Figure 3. Density curves of miRNA sequence divergence (pairwise π) fitted on 
histograms. The x and y axes indicate divergence for all pairwise comparisons in each 
family, and the density at a given divergence point, respectively. Orange and green colors 
denote data for G. arboreum (A2) and G. raimondii (D5), respectively. 
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Figure 4. Differential expression of miRNA gene families in G. arboreum (higher 
expression in G. arboreum; orange) and G. raimondii (higher expression in G. raimondii; 
green). MiRNA gene families with significant differential expression are shown. Log2 
transformations of the expression fold changes (G. raimondii vs. G. arboreum) are 
represented by bars. Y-axis denotes the levels of transformed expression fold changes.  
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Figure 5. Expression of gene homologs targeted by miRNA families with differential 
expression between G. arboreum and G. raimondii. Expressed read counts of genes and 
standard errors (relative to vertical Y-axis) are shown (orange = G. arboreum (A2); green 
= G. raimondii (D5)). Gene IDs in G. raimondii (annotation file at Phytozome 9.0.1) are 
listed at the bottom. Single, double, and triple asterisks denote significantly different 
expression at α = 0.05, 0.01, and 0.001, respectively. Expression comparisons of the 
genes targeted by miR398 and other miRNA families (miR156/167, miR160, miR164, 
miR167, miR170/171, miR172, and miR396) are illustrated in panels a and b, 
respectively. Target genes were categorized into different functional groups based on 
homology with known homologs in A. thaliana. Shown are the targeted genes encoding 
cytosolic CSD1 and chloroplast-localized CSD2 (copper/zinc superoxide dismutases), 
COX5b-1 (one subunit of the mitochondrial cytochrome c oxidase), CCS1 (the copper 
chaperone for Cu/Zn-SODs), SBP transcription factor (squamosa promoter-binding 
protein-like transcription factor), GRAS transcription factor (transcription factors in GAI, 
RGA, and SCR family in plant growth and development), and RAP2.7 (Integrase-type 
DNA-binding protein).  
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Table 1. Copy numbers of conserved miRNA families in G. arboreum (A2) and G. 
raimondii (D5). 
Family Name * A2 copy number D5 copy number 
miR156/157 12 12 
miR159/319 3 1 
miR160 6 8 
miR162 1 1 
miR164 5 3 
miR165/166 11 11 
miR167 6 6 
miR169 12 13 
miR170/171 8 12 
miR172 7 8 
miR2111 1 1 
miR2947 1 1 
miR2948 1 1 
miR2949 1 1 
miR2950 2 2 
miR3476 1 1 
miR3627 1 1 
miR3441 5 3 
miR390 3 3 
miR393 4 4 
miR394 3 2 
miR395 4 1 
miR396 5 6 
miR397 2 1 
miR398 1 2 
miR399 6 7 
miR403 1 1 
miR473/477 2 6 
miR479 1 1 
miR530 2 3 
miR535 2 2 
miR827 1 1 
miR828 1 1 
* Families in bold have the same copy numbers in two species; those in italics have only 
a single member in both species. 
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Table 2. Average distance between miRNA families and their nearest neighboring 
transposable elements (TEs) in G. arboreum (A2) and G. raimondii (D5).  
Differentially expressed 
miRNA families* 
Average distance (bp) between 
miRNA and nearest TE in A2 
Average distance (bp) 
between miRNA and nearest 
TE in D5§ 
miR156/157 1648 953 
miR159/319 1505 2870 
miR160 2969 353 
miR162 3769 1540 
miR164 1648 1115 
miR165/166 1519 1680 
miR167 1688 1522 
miR169 1771 1513 
miR170/171 1807 1129 
miR172 1555 610 
miR390 6381 51 
miR394 2763 3976 
miR395 1744 1 
miR396 754 1351 
miR397 2242 742 
miR398 154 313 
miR403 789 1 
miR479 1795 1 
miR2948 348 655 
miR535 1634 923 
miR2950 1447 1620 
miR3476 3431 1 
miR3627 621 1 
Non-differentially 
expressed miRNA families 
Average distance (bp) between 
miRNA and nearest TE in A2 
Average distance (bp) 
between miRNA and nearest 
TE in D5§ 
miR393 870 792 
miR399 1102 909 
miR473/477 782 723 
miR530 678 597 
miR827 903 678 
miR828 1902 2210 
miR2111 1823 2081 
miR2947 2109 1834 
miR2949 729 690 
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*Families that show higher expression in G. arboreum (A2) and are more distant from 
the nearest TE than in G. raimondii (D5) are shown in normal characters; those in italics 
do not have the inverse relationship. miR398 (in bold) is the sole family with higher 
expression in D5. 
§To facilitate statistical testing, the average distances of families with miRNAs residing 
in the TEs are denoted as “1”. 
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Supporting Information 
 
Larger figure files and supplementary table S1-S7 are available at Genome Biology and 
Evolution online (http://gbe.oxfordjournals.org/content/5/12/2449.full). 
 
Table S1. Summarized read counts information after data pre-processing. The number of 
raw reads obtained from illumine GAII platform, read counts after adaptor trimming and 
quality filtration, and the number of qualified reads (excluding all other noisy derived 
RNAs) input into miRDeep-P are tabulated in last three columns, respectively. 
 
Table S2. Coordinates and sequences of mature miRNA and pre-miRNAs of each 
miRNA family. 
 
Table S3. Conserved Gossypium miRNAs in all land plants. For all Gossypium 
conserved miRNA families (excluding the miR156/157, miR159/319, miR165/166, 
miR170/171, and miR473/477), their presence/absence status in all land plants (deposited 
in Phytozome 9.0.1) are tabulated in blue (with family serial numbers marked) and white 
(with “NA” denotations) cells, respectively. The miRNA composition of each plant 
species is listed in each row with miRBase three-letter names included in their species 
name column.  
 
Table S4. PARE-verified cleavages sites in Gossypium arboreum (A2). Filtration by 
p≤0.05, small window score≥5, and window ratio (small vs. large window) ≥ 0.7 is 
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applied for all rows. The “target IDs” ending with “_reverse” denote the targeted protein-
coding genes reside on the sense and anti-sense strand of that chromosomal DNA, 
respectively.  
 
Table S5. PARE-verified cleavages sites in Gossypium raimondii (D5). Filtration by 
p≤0.05, small window score≥5, and window ratio (small vs. large window) ≥ 0.7 is 
applied for all rows. The “target IDs” ending with “_up” denote the cleavage sites locate 
in intergenic 5’-UTR region of the target protein-coding genes. In “strand” column, “w” 
and “c” denote the targeted protein-coding genes residing on the sense and anti-sense 
strand of that chromosomal DNA, respectively. 
 
Table S6. Conserved families with PARE-verified cleavage sites in Gossypium arboreum 
(A2) and Gossypium raimondii (D5). * denotes the families with PARE verifications in 
both species. 
 
Table S7. Correlation coefficients of differentially expressed target genes. The Pearson 
correlation R square values and controlling miRNA families are tabulated for each gene. 
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CHAPTER 5 
RAPID EVOLUTION OF MICRORNA GENES IN DIPLOID COTTON 
(GOSSYPIUM) SPECIES 
 
A paper in preparation for Molecular Biology and Evolution 
Lei Gong, Blake C. Meyers, and Jonathan F. Wendel 
 
Abstract 
MicroRNAs, as the essential non-coding RNAs, are always conserved but also 
vary greatly as species-specific families in plant species. To understand the divergent 
evolution of the miRNA genes in closed related species of Gossypium arboreum and 
Gossypium raimondii, we sequenced and characterized their species-specific miRNA 
gene composition. Among the identified miRNA families, the vast majority of miRNA 
families are confined to single species with around 3.5-fold more novel miRNA families 
in G. arboreum (n = 86) than in G. raimondii (n = 22), which are also novel with no 
previous records in any plant species. Analysis of the evolutionary footprints of 
microRNA biogenesis reveal genomic features that may have contributed to this 
difference, including inverted duplication of protein-coding genes and recent duplication 
and divergence of pre-existing miRNA genes. These data demonstrate rapid and 
divergent genesis of microRNA genes accompanying speciation in Gossypium, and 
demonstrate that microRNA family evolution can be highly variable even within a single 
plant genus. 
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Introduction 
Non-coding microRNAs (miRNAs) have been accepted to play essential 
regulatory elements in eukaryote genomes (Mallory and Vaucheret 2006; Voinnet 2009; 
Axtell 2013). Stem-loop structures of pre-miRNAs encoded by microRNA (miRNA) 
genes are cleaved into miRNA-miRNA* duplexes, mostly by RNase III domain 
nucleases (Carthew and Sontheimer 2009). Argonaute (AGO) proteins bind with the 
mature miRNAs and facilitate their specific recognization of target transcripts. The final 
transcriptional cleavage and/or translation repression via binding to the 3’UTR or coding 
region of the target mRNAs were eventually completed  (Carthew and Sontheimer 2009).  
 
Comparing the miRNA gene composition at different taxonomic levels, conserved 
miRNA families can be detected across species, genera, and even in the same entire 
kingdoms (Zhang et al. 2006; Lee et al. 2007; Grimson et al. 2008). However, in plants, 
different lineages always contain family/species-specific miRNA genes (Voinnet 2009; 
Fahlgren et al. 2010) which demonstrates corresponding family/species-level miRNA 
gene divergence. From the evolutionary view point, the highly expressed conserved 
miRNA families can achieve a larger number of miRNA gene copies and target more 
protein-coding genes in the genome through a long history of evolutionary duplication; 
however, the lineage-specific miRNA gene families have corresponding lower 
expression, lower copy number of miRNA gene copies, and fewer gene targets (Maher et 
al. 2006; Chen and Rajewsky 2007; Rubio-Somoza et al. 2009; Debernardi et al. 2012). 
Besides those summarized general features, restricted by the limited available genomic 
resources, there is limited research about the evolutionary divergence rate and the 
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birth/dealth dynamics of miRNA gene content and functions in closed related plant 
species (Fahlgren et al. 2010). 
 
Inspired by this perspective, our previous analysis of the conserved miRNA 
families in two representative diploid cotton species, Gossypium arboreum (A2) and G. 
raimondii (D5),  have revealed the compositional diversity and expression difference of 
their conserved miRNA genes. Together with the characterized phylogenetic origin, a 
relative stability of conserved miRNA gene families accompanying the divergence of two 
congeneric species has been revealed (Gong et al. 2013). However, there was still no 
detailed comparative analysis about the species-specific novel miRNAs in those two 
closed relative species. Such latter research is enabled by the recent completion of the 
high-quality genome assembly for G. raimondii (Paterson et al. 2012) along with another 
well-assembled G. arboreum genome (Li et al. 2014), which were utilized as the 
reference assemblies for detailed analysis of miRNA characterization, miRNA gene 
biogenesis, and miRNA target prediction and verification. These analyses reveal an 
unexpectedly high rate of novel miRNA gene formation accompanying the divergence of 
two closed related species, provide evidence bearing on the genesis thereof, and 
demonstrate relative conserved targetation in each species. 
 
Materials and Methods 
Preliminary data processing 
The initial library construction and sequencing of the small RNA and degradome 
libraries (Parallel Analysis of RNA Ends) were completed as described in our previous 
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publicized paper (Gong et al. 2013). Fastaq files of raw sequencing reads are deposited in 
NCBI SRA database (SRR1029586 - SRR1029588 and SRR616255 - SRR616257). 
Annotations of miRNAs in leaves of both species were completed following the same 
workflow and using the same parameter settings as described in (Paterson et al. 2012). 
Newly released genome assemblies of G. raimondii and G. arboreum (A2) were utilized 
as the reference genomes for mapping corresponding small RNA reads (Paterson et al. 
2012; Li et al. 2014).  
 
MicroRNA gene curation 
The preliminary miRNA gene prediction results were further input into a stringent 
curation pipeline to avoid possible mixture of false positive miRNA gene loci, which are 
actually the genomic regions having qualified hairpin structure but generating the 
siRNAs transcripts. Further structural and genomic context features were considering in 
the curation pipeline. Specifically, real pre-miRNA candidates should not reside in the 
TEs or other repetitive elements and not be surrounded by other siRNAs. The number of 
perfect matching positions for each mature miRNA in the genome should be less than 
fifteen. In addition, the miRNA reads need to be expressed in a strand-specific pattern, 
which involves unique mapping of miRNA reads to the exact strand where their miRNA 
gene resides. The abundance of the expressed miRNAs for each miRNA gene needs to be 
at least 100 reads (among 30 million mapped siRNAs).  
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MicroRNA gene family categorization 
Pre-miRNAs in the same gene family are those final qualified miRNA gene 
copies with four or fewer nucleotide substitutions (Meyers et al. 2008). In each species, 
microRNA families lacking homology or having non homology (more than four 
substitutions) to known plant miRNA families in miRBase 20 were considered as “novel” 
(Kozomara and Griffiths-Jones 2011), and were further partitioned into families shared 
by both Gossypium species and those that were species-specific. Or else, miRNA families 
having conserved homology with known miRNA families in other plant species were 
accepted to be “conserved”. Thus, miRNA families were tabulated into six categories (I 
through VI), representing, respectively, conserved and shared by both A2 and D5, 
conserved but detected only in A2, conserved but detected only in D5 (three categories 
described in Gong et al., 2013), non-conserved (novel) but shared by both species, non-
conserved (novel) and unique to A2, and non-conserved (novel) and unique to D5. The 
latter three novel categories are the major ones, on which our analysis and discussion 
were mainly focusing in this chapter.  
 
Comparison of orthologous miRNA gene expression 
For the miRNA families in Category IV, which are shared by two cotton species 
but not detected in other plant species, their expressions were evaluated and compared by 
exactly following what we did for the miRNA genes in Category I (Gong et al. 2013). 
The only difference was that multiple pairwise comparisons were made for the 
orthologous miRNA families in two diploid cotton species, which had one-to-multiple 
counterpart relationships.  
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Target prediction and validation  
Genome-wide miRNA target candidates were initially predicted using modified 
Targetfinder 2.0 (http://carringtonlab.org/resources/targetfinder) with the same 
parameters setting in our previous work (Gong et al. 2013), which considers the structural 
conservation of plant miRNA:target duplexes (Meyers et al. 2008). Further, Cleaveland 
2.0 was utilized to verify the candidate cleavage sites with significant observed PARE 
peaks on each miRNA:target duplex (p<0.05) (Addo-Quaye et al. 2009). Final PARE-
verified targets of each mature miRNA are those genomic elements in predicted 
miRNA:target duplex structures with small window values larger than or equal to 5.0 and 
window ratios (large window versus small window) larger than or equal to 0.7 (Zhai et al. 
2011).  
 
MiRNA genes generated following inverted duplication of protein-coding genes.  
Novel, species-specific miRNA genes (Categories V and VI) bearing hallmarks of 
originating from inverted duplication (ID) of protein-coding genes were determined by 
homology search using Blastn and ssearch36 in FASTA (e-value<10-5). miRNA genes 
not residing in protein-coding genes of each species were initially tabulated. After 
removing the nucleotides of mature miRNA and star mature miRNAs, the remaining 
sequences of pre-miRNA genes larger than 30bp were subject to searches against the 
genomic sequences of the protein-coding genes in each corresponding species.  
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For each protein-encoding gene inferred as a candidate for biogenesis of novel, 
species-specific miRNAs, the numbers of corresponding miRNA families in each species 
were tabulated and the significance of the difference was evaluated using the non-
parametric one-side paired Wilcoxon Rank Sum Test (p-value< 0.001) (Wilcoxon 1947).  
 
Evaluation of miRNA duplication and divergence.  
Using the method described previously (Gong et al. 2013), pairwise divergence (π) 
among aligned pre-miRNA members (within-family π) was calculated for each novel 
miRNA family in each species. For each category of novel miRNA, the density 
distributions of all within-family π values of different families were also constructed 
(Gong et al. 2013). As the described comparison of the conserved shared miRNAs in 
Category I, for the shared novel miRNA families in Category IV, their within-family 
pairwise π values and implicated average evolutionary rates in two lineages were also 
compared using the Wilcoxon Rank Sum Test in R workspace, where the FWER 
(Family-Wise Type I Error) rate was also controlled at 0.01 level using the Bonferroni 
correction (Gong et al. 2013). 
 
Results 
Novel miRNA gene family composition in diploid cotton.  
The miRNA annotation and curation pipeline identified 143 and 73 miRNA 
families in G. arboreum (A2) and G. raimondii (D5), respectively (Figure 1). Analysis of 
these families and comparison to other plants generated several key conclusions. First, 
besides conserved 33 miRNA families which are shared among Gossypium and other 
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plant genomes (previously identified in Gong et al., 2013, Category I, Figure 1), a large 
number of novel miRNA families were detected, with 110 and 40 of these being found in 
G. arboreum and G. raimondii, respectively (Table 1). Second, there are a number of 
novel families shared between the two cotton species (see below) and unique to those two 
cotton species (Categories IV, Table 1; Figure 1). Given their existence in both cotton 
species, the miRNAs in Category IV could be the cotton-unique orthologous miRNA 
families, which emerged prior to the divergence of A2 and D5 cotton species. Third, the 
number of novel species-specific miRNA families was unexpectedly asymmetric, with 86 
and 22 novel miRNA families being found in A2 and D5, respectively, a more than 3.5 
fold difference (Category V and Category VI in Table 1; Figure 1). These numbers also 
indicate that nearly 60.14% of the miRNA families in A2 and 30.14% of those in D5 are 
novel and specific to these lineages, providing key information on the pace of new 
miRNA family evolution. The remaining novel miRNA families were those that are 
shared between A2 and D5 (Category IV); this number ranged from 18 to 24 (Table 1; 
Figure 1), because miRNAs in the two cotton species may in some cases have different 
regions with fewer than or equal to four mismatches to a shared miRNA family. That is, 
there are some cases of a one-to-multiple counterpart miRNA in Category IV, which 
resulted in the unequal number of Category IV families in the two species (Table 1; 
Figure 1).  
 
In contrast to most 21nt miRNAs in Category I (Gong et al. 2013), in which there 
was a minority presence of 23- or 24-nt miRNAs, these longer 23- and 24-nt nucleotide 
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miRNAs were enriched in the novel miRNA categories: Category IV – 50.11% in A2 and 
49.37% in D5; in Category V – 62.23%; in Category VI – 60.94% (Figure 1).  
 
Mechanisms of novel miRNA family evolution.  
In an effort to account for larger novel species-specific category in A2 (Category 
V) than in D5 (Category VI), we looked for the evolutionary footprints of miRNA 
genesis in two genome sequences. One mechanism by which new miRNA families may 
evolve is following inverted duplication of protein-coding genes (Allen et al. 2004; 
Zhang et al. 2011; Nozawa et al. 2012). Here we used both Blastn and ssearch36 to 
search for evidence of this mechanism. Both tools yielded similar results (Figure 2a and 
2b), which indicate that miRNA evolution following inverted duplication has been a 
more prominent mechanism in A2 than in D5 (p < 0.001 from non-parametric Wilcoxon 
Rank Sum Paired Test).  
 
A second mechanism for novel miRNA evolution is duplication and divergence of 
pre-existing miRNA genes, as with normal protein-coding genes (Nozawa et al. 2012). 
To evaluate this possibility in the two Gossypium diploids, we calculated pairwise 
nucleotide divergences (pairwise π) within each miRNA family within each species, and 
fitted these data onto smoothed histograms in each category (Figure 3). As shown, the 
peaks of Category I curves in both species were located to the right of those for 
Categories V (A2) and VI (D5), and the peak of Category IV was between those of 
Category I and Category V (in A2) or Category VI (in D5) (Figure 3a and 3b). These 
observations are consistent with expectations based on relative evolutionary conservation 
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of miRNAs in the different categories, whereby phylogenetically more conserved 
families are logically hypothesized to have greater sequence divergence than those that 
have more recently evolved.  
  
Comparison of the curves within and between categories and species are 
illustrated in Figure 3c-e. Besides the clustered distributions around a peak at 0.3 in 
Category I of A2 and D5 and an extra peak at 0.16 in A2  (Figure 3c), the π values in 
Category IV of A2 and D5 clustered around 0.18-0.22 (p > 0.05; Figure 3d). Compared 
with the curve of Category VI in D5, there were two additional peaks in Category V of 
A2, which could correspond to two or several clustered duplications in that species 
(Figure 3e). That also demonstrates recent duplication and divergence that potentially 
contribute to the composition new miRNA families in the G. arboreum linage. 
 
Expression of orthologous novel miRNA genes 
Comparative expression analysis for conserved miRNA genes in Category I has 
been described in previous published work (Gong et al. 2013). A similar analysis for the 
novel miRNA genes shared by two cotton species was also carried out in current study.  
For the aforementioned orthologous miRNA genes in Category IV, there was no 
significant differential expression in most orthologous miRNA gene pairs (Table 2). 
Specifically, except the four orthologous pairs of “A2-Novel-3 and D5-Novel-4”, “A2-
Novel-7 and D5-Novel-9”, and “A2-Novel-10/A2-Novel-11 and D5-Novel-14”, all other 
orthologous miRNA gene pairs have no significant expression difference in two species.  
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MiRNA target divergence 
Following structural prediction by Targetfinder, 100% of the annotated miRNA 
families in both species were indicated as having miRNA:target duplexes. Among these, 
for the 49 (49/143=34.27%) and 48 (48/73=65.75%) miRNA families were confirmed to 
have degradome PARE-verified cleavage sites in A2 and D5, respectively (Table 3 and 
Table 4). That low rate of PARE verification in A2 species may be explained by the 
relatively low coverage of the 5’-end PARE reads at the cleavage sites on predicted 
miRNA:target duplexes in A2, possibly due to the high number of miRNA families in 
that species. Notably, conserved families in Category I of both species had a higher 
proportion of families with PARE-verified cleaved targets (17/33=51.52% in A2 and 
22/33=66.67% in D5, described in Gong et al., 2013) than did families that were novel 
(Categories IV, V and VI). One explanation for this disparity is that target genes of 
conserved families are expressed in higher abundance, and thus miRNA cleavage leads to 
high-abundance PARE signals (Zhai et al. 2011). For the orthologous miRNA families in 
Category IV (24 and 18 families in A2 and D5), 13 miRNA families in A2 
(13/24=54.16%) targeted the same set of genes as did their orthologous D5 miRNA genes 
for gene regulation (Table 3 and Table 4), which implicates the shared novel miRNA 
families are potentially still regulating the same biological processes even in such two 
divergent species. 
 
Discussion 
The relative conserved miRNAs among different plant families but still with 
variable phylogenetic distribution demonstrates a complicated evolutionary dynamics of 
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miRNAs in plant kingdom. To gain more insight into the evolution pattern of miRNAs, 
we characterized and compared the novel miRNA gene composition in two closely 
relative cotton species G. arboreum (A2) and G. raimondii (D5), which was completed 
based on their deep sequenced small RNA libraries and well-assembled genomes. Further 
analysis about the novel miRNA biogenesis history and miRNA target prediction and 
verification for those novel in those two species were also performed.  
 
miRNA gene family novelty 
The spectrum of ancient and relative stable miRNAs over vast evolutionary 
timescales has been demonstrated by the conserved miRNA families shared by two 
cotton species and even other plant species (miRNA families in Category I, Gong et al., 
2013). An additional relative stabilized evolutionary process of cotton miRNA genes in 
cotton species are supported by current characterized shared orthologous miRNA genes 
in Category IV.  Parsimoniously, those ortholougs miRNA genes could be the genes 
inherited from the common ancestor of A2 and D5 cotton species, which were possibly 
generated after formation of Gossypium. More miRNA characterization results in other 
A- or D- genome cotton species will help us more accurately allocate the biogenesis 
events in the phylogenetic history of Gossypium diploid species divergence. 
 
However, at the other end, a surprisingly high level of species-specific formation 
of new miRNAs is revealed by our results. Because there are few cases of congeners with 
sequenced genomes as well as sequenced small RNAs, this aspect of miRNA evolution 
has received little attention. To our knowledge, the demonstration of extraordinary and 
  
 
176
recent species-specific miRNA evolution is unprecedented, although this result was 
implicated by Fahlgren et al., 2010 for two species of Arabidopsis, A. thaliana and A. 
lyrata. Moreover, the relative rate of novel miRNA addition (net of birth + death) 
between the two cotton species varies 3.5-fold, with the overall contribution of novel 
miRNAs representing 56 – 77% of their total respective miRNA pools. In conjunction 
with our results for Gossypium, evidence from Arabidopsis (Fahlgren et al. 2010) 
supports the suggestion that interspecific differences in miRNA content may be the rule 
rather than the exception.  
 
One notable and novel observation of the present study is the 3.5 fold greater 
abundance of unique miRNA families in G. arboreum (n = 86) than in G. raimondii (n = 
22). This result reflects either a striking difference in miRNA birthrate, an interspecific 
difference in miRNA elimination via deletional mutational processes, as has been 
suggested for these species based on a modeling approach using data from whole genome 
shotgun sequencing (Hawkins et al. 2009), or some combination of both of these 
phenomena. To the extent that the data reflect variation in rate of genesis, our analyses 
suggest intriguing connections between genome structure and possibilities for different 
miRNAs biogenesis histories, which might be related to the two-fold difference in the A2 
and D5 nuclear genome sizes (~1700 vs 880 Mbp). Specifically, inverted duplication of 
homologous target protein genes and recent duplications followed by neo-functionization 
of pre-extisting miRNA genes (Allen et al. 2004; Zhang et al. 2011; Nozawa et al. 2012) 
are implicated as having contributed to the large difference in unique novel miRNAs in 
the two cotton species (Figure 2 and Figure 3e). For the latter process, the higher copy 
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number of species-specific families also implicates a bias in recent duplication in G. 
arboreum. Interspecific differences in small-scale gene duplication mechanisms, 
including unequal crossing over and transposon-mediated duplication may have 
contributed to this phenomenon. Further detailed characterization of individual miRNA 
copies and families, combined with denser phylogenetic sampling within Gossypium will 
facilitate deeper understanding into these evolutionary dynamics. 
Most mature miRNAs in plants are thought to be 21nt long, although longer 
miRNAs (23 and 24nt) are commonly reported (Chen et al. 2010; Fahlgren et al. 2010; 
Axtell 2013). Notably, most of the longer miRNAs described to date in both Arabidopsis 
and rice are lineage-specific (Vazquez et al. 2008; Chellappan et al. 2010; Wu et al. 
2010). In this respect it may be unsurprising that the 23 and 24nt miRNA pools are also 
enriched only in the cotton miRNA families that are novel to either one or both species of 
Gossypium. One proposal for novel miRNA biogenesis via inverted duplication (ID) 
holds that miRNAs originating via this route may undergo a transitional evolutionary 
stage before acquiring miRNA-forming capacity (Allen et al. 2004). Hence, in our case, 
compared with the predominance of the 21nt class in conserved miRNAs (Gong et al. 
2013), newly generated (in Gossypium) miRNAs may be at this transition phase, 
producing 23 or 24nt miRNAs via a siRNA-like biogenesis process (under control of 
DCL3). Since only some of these longer miRNAs are likely to become evolutionarily 
preserved via acquisition of a selectively favorable function (Axtell 2013), many or 
perhaps most novel miRNAs may be evolutionarily transient, with a minority becoming 
stabilized only after evolving into 21nt, DCL1-processed derivatives. Insights into the 
evolutionary dynamics and functional consequences of this process are likely to emerge 
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from detailed follow-up analysis of the novel miRNA families reported here, both those 
that are confined to single species (or the lineages that they represent) or those that are 
detected in both cotton species studied. 
 
Conserved gene expression and targeting of novel miRNA gene 
Given the important regulatory role of miRNAs in plant development and other 
physiological processes, it is interesting and necessary to explore the differences in 
miRNA gene expression among closed related species. Here, for the orthologous miRNA 
genes shared by two cotton species, only four pairs of orthologous genes had significant 
differential expression levels after divergence in two individual species for 5-10 million 
years (Table 2). Besides this, the target prediction and verification in two species 
demonstrates that the miRNA genes in Category IV are also targeting the same set of 
orthogous target genes in two cotton species (Table 3). Therefore, all these results 
implicate that these relative ancient novel miRNA families inherited from the common 
ancestor are functionally as well as evolutionarily extraordinarily stable to participate in 
the establishment of cotton-specific traits and related physiological processes. 
 
Conclusion 
This study has shown the differential miRNA composition and evolutionary 
divergence in two closed related cotton species and demonstrate a dramatic difference in 
the rate of novel miRNA formation in two closely related plants in a single genus, and 
likely connections between this difference and distinguishing genomic features that 
influence miRNA biogenesis. In addition, the conserved expression and gene targeting of 
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shared novel miRNA families were also revealed in these related plants. All these 
analysis and results have provided us new perspectives about miRNA evolution and 
helped us understand the essential role of miRNA in the gene expression regulation.  
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Figures and Tables 
Figure 1. Composition of miRNAs in G. arboreum (A2) and G. raimondii (D5). Shown 
is a Venn diagram including conserved and novel miRNA families. First three categories 
have been described in Gong et al., 2013), which include Category I: conserved miRNA 
families shared by both cotton species and Categories II and III: conserved miRNA 
families uniquely detected in either A2 or D5. The latter three categories have the novel 
miRNA families with no record in other plant species, which included Category IV: 
novel miRNA families shared by the two cotton species and Categories V and VI: novel 
miRNA families uniquely detected in A2 and D5, respectively. The length of mature 
miRNAs were summarized in surrounding histograms, with sequence lengths and 
frequencies denoted by the x- and y-axes, respectively.  
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Figure 2. Boxplots of the numbers of miRNA families putatively generated following 
inverted duplication of protein-coding genes, as determined by Blastn (panel a) and 
ssearch36 (panel b). Orange and green colors are used to denote data for A2 and D5, 
respectively. 
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Figure 3. Density curves of miRNA sequence divergence (pairwise π) fitted on 
histograms. Panels a, b: Categories I, IV, and V (or VI) for A2 (and D5); panels c-e: 
comparisons from the same category or counterpart categories in the two cotton species. 
The x and y axes indicate divergence for all pairwise comparisons in each family of each 
category, and the density at a given divergence point, respectively. Orange and green 
colors denote data for A2 and D5, respectively. 
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Table 1. Characterized and categoriezed novel miRNA families in G. arboreum and G. 
raimondii. *In Category IV, the one-to-one and one-to-multiple counterpart in each row 
are denoting the orthogy of the miRNA families involved.  
Category IV 
A2-Novel-1 D5-Novel-1 D5-Novel-2 
A2-Novel-2 D5-Novel-16 
A2-Novel-3 D5-Novel-4 
A2-Novel-4 D5-Novel-5 A2-Novel-5 
A2-Novel-6 D5-Novel-7 D5-Novel-13 
A2-Novel-7 D5-Novel-9 
A2-Novel-8 D5-Novel-10 D5-Novel-11 
A2-Novel-9 D5-Novel-3 
A2-Novel-10 D5-Novel-14 A2-Novel-11 
A2-Novel-12 D5-Novel-15 
A2-Novel-13 D5-Novel-17 A2-Novel-14 
A2-Novel-15 D5-Novel-18 
A2-Novel-16 
D5-Novel-8 A2-Novel-17 
A2-Novel-18 
A2-Novel-19 
D5-Novel-6 A2-Novel-20 
A2-Novel-21 
A2-Novel-22 
D5-Novel-12 A2-Novel-23 
A2-Novel-24 
Category V 
A2-Novel-25 to A2-Novel-110 
Category VI 
D5-Novel-19 to D5-Novel-40 
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Table 2. Comparison of orthologous miRNA families in Category IV of A2 and D5 
cotton species. * denotes statistical significance at p value level of 0.05  
A2 miRNA 
families 
Averaged 
expression 
D5 miRNA 
families 
Averaged 
expression 
Adjusted p 
values 
A2-Novel-1 190.54 D5-Novel-1 175.32 >0.05 
D5-Novel-2 181.35 >0.05 
A2-Novel-2 243.34 D5-Novel-16 280.21 >0.05 
A2-Novel-3 210.23 D5-Novel-4 120.32 0.032* 
A2-Novel-4 321.39 
D5-Novel-5 312.87 >0.05 A2-Novel-5 310.12 >0.05 
A2-Novel-6 200.13 D5-Novel-7 190.45 >0.05 
D5-Novel-13 194.67 >0.05 
A2-Novel-7 159.22 D5-Novel-9 240.33 0.029* 
A2-Novel-8 234.88 D5-Novel-10 227.12 >0.05 
D5-Novel-11 245.31 >0.05 
A2-Novel-9 303.45 D5-Novel-3 301.2 >0.05 
A2-Novel-10 219.75 D5-Novel-14 310.64 0.03* A2-Novel-11 180.54 0.017* 
A2-Novel-12 243.85 D5-Novel-15 250.01 >0.05 
A2-Novel-13 134.63 D5-Novel-17 131.71 >0.05 A2-Novel-14 129.56 >0.05 
A2-Novel-15 210.31 D5-Novel-18 208.69 >0.05 
A2-Novel-16 111.43 
D5-Novel-8 119.98 
>0.05 
A2-Novel-17 120.75 >0.05 
A2-Novel-18 118.59 >0.05 
A2-Novel-19 325.64 
D5-Novel-6 322.43 
>0.05 
A2-Novel-20 318.86 >0.05 
A2-Novel-21 321.59 >0.05 
A2-Novel-22 247.99 
D5-Novel-12 249.01 
>0.05 
A2-Novel-23 240.64 >0.05 
A2-Novel-24 237.88 >0.05 
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Table 3.  Target prediction and verification of A2 novel miRNA families. 
* The target genes are those with significantly orthology with the target genes by D5 cotton included in Table 4;  
§ Score value is generated by Targetfinder to evaluate the target:miRNA duplex structure;  
† Cleaveland p value is included in this column; 
‡ Ratio of small versus large window value is calcuated. 
miRNA 
family Target gene ID* Binding region 
Cleavage 
site Score
§ p value† Ratio‡ 
A2-Novel-1 scaffold108628_reverse 79-100 92 7 0.003 0.89 
A2-Novel-2 
scaffold100628_reverse 179-200 192 6 0.002 0.88 
scaffold106547_reverse 3564-3584 3574 7 0.005 0.95 
scaffold108323_reverse 79-102 90 7 0.004 0.87 
A2-Novel-4 
scaffold332010 12488-12508 12499 7 0.009 0.80 
scaffold232013 880-901 890 7 0.007 0.90 
scaffold432015 12468-12490 12478 7 0.009 0.85 
A2-Novel-7 scaffold379468 10964-10987 10978 7 0.015 0.83 
A2-Novel-8 scaffold197943_reverse 2933-2956 2947 7 0.013 0.83 
A2-Novel-10 scaffold174223 482-504 494 4.5 0.002 1.00 
A2-Novel-13 scaffold379867_reverse 3243-3267 3257 7 0.014 1.00 
scaffold363457_reverse 1243-1265 1253 7 0.004 0.80 
A2-Novel-15 scaffold118405_reverse 28822-28842 28833 6 0.043 0.75 
A2-Novel-17 
scaffold118455_reverse 283452-283473 283462 6 0.043 0.63 
scaffold232897 86-106 96 7 0.006 0.95 
scaffold234563 1869-1889 1880 7 0.026 0.92 
A2-Novel-19 scaffold118405_reverse 28822-28842 28833 6 0.043 0.75 
A2-Novel-21 scaffold130088 39268-39291 39282 7 0.009 0.78 
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Table 3 (continued) 
A2-Novel-22 
scaffold150413_reverse 8309-8331 8323 6 0.049 0.86 
scaffold174212 442-462 452 4.5 0.001 0.80 
scaffold230897 1186-1206 1196 7 0.005 0.91 
A2-Novel-24 scaffold126723 2195-2218 2209 7 0.028 0.75 
A2-Novel-38 C36831393 3727-3750 3741 7 0.027 0.83 
A2-Novel-39 scaffold158566_reverse 20952-20968 20959 5 0.014 0.82 
scaffold32110 1488-1508 1498 7 0.004 0.97 
A2-Novel-56 C33712105 89-109 100 7 0.040 0.73 
A2-Novel-63 scaffold102544 379-399 390 2.5 0.000 0.88 
A2-Novel-74 scaffold166097_reverse 24363-24383 24374 1.5 0.001 0.88 
scaffold130563 869-889 879 7 0.016 0.89 
A2-Novel-77 C30704696 50-70 61 6.5 0.012 0.75 
A2-Novel-78 scaffold60280_reverse 4848-4872 4863 7 0.014 0.75 
A2-Novel-81 scaffold60270 4748-4770 4758 7 0.011 0.70 
A2-Novel-83 scaffold60280_reverse 4848-4872 4863 7 0.014 0.75 
scaffold58566_reverse 25952-25968 25962 5 0.014 0.86 
A2-Novel-87 scaffold134609_reverse 1221-1241 1232 7 0.038 1.00 
A2-Novel-90 scaffold88099_reverse 2508-2528 2519 7 0.031 0.82 
A2-Novel-93 scaffold58260_reverse 10467-10488 10479 6.5 0.009 0.83 
A2-Novel-96 C29483736_reverse 98-116 107 4 0.003 0.77 C36831393 372-392 381 7 0.007 0.80 
A2-Novel-99 C31272806 99-117 108 4 0.016 0.73 
A2-Novel-101 scaffold168662_reverse 28-43 34 5.5 0.026 0.78 
A2-Novel-104 C30925370_reverse 21-37 28 7 0.041 1.00 
scaffold136563 3869-3889 3879 7 0.015 0.91 
A2-Novel-107 scaffold270383_reverse 14930-14953 14944 5.5 0.000 0.90 
A2-Novel-108 C27512514 14-37 28 7 0.024 0.79 
A2-Novel-110 C30045244 78-101 92 7 0.013 0.79 
 
 190
 
Table 4. Target prediction and verification of D5 novel miRNA families.  
* w and c denotes the target genes reside in the sense and anti-sense strand of the original genome assembly. 
§ Score value is generated by Targetfinder to evaluate the target:miRNA duplex structure;  
† Cleaveland p value is included in this column; ‡ Ratio of small versus large window value is calcuated.  
miRNA 
family Target gene ID Strand
*
 Binding region Cleavage 
site Score
§
  p value† Ratio
‡
 
 
D5-Novel-1 Gorai.001G168800 c 24044040-24044059 24044049 5 0.008 0.86 
D5-Novel-2 Gorai.001G201800 w 38911405-38911426 38911417 6.5 0.017 0.83 
D5-Novel-3 Gorai.012G025500 c 3174694-3174714 3174703 7 0.040 0.79 
D5-Novel-5 Gorai.006G118400 w 36829164-36829184 36829175 4.5 0.029 0.86 
D5-Novel-7 
Gorai.009G390000_up w 52824795-52824814 52824805 6.5 0.003 0.89 
Gorai.011G041600 w 3089883-3089905 3089897 5.5 0.001 0.81 
Gorai.011G041600 w 3089883-3089905 3089897 5.5 0.001 0.81 
Gorai.011G041600 w 3089883-3089905 3089897 5.5 0.001 0.81 
D5-Novel-8 Gorai.005G183800 w 53685747-53685766 53685757 6 0.022 0.88 
D5-Novel-9 
Gorai.011G057600 c 4598112-4598130 4598121 4 0.014 1 
Gorai.002G261600 w 62217399-62217417 62217408 5 0.036 0.92 
Gorai.004G172100 c 47235733-47235751 47235742 5 0.036 0.94 
Gorai.013G251200 w 56899536-56899554 56899545 5 0.036 0.75 
Gorai.002G234400 w 59493610-59493628 59493619 5 0.036 0.83 
Gorai.001G007700_up c 766937-766955 766946 5.5 0.004 1 
D5-Novel-11 Gorai.008G061900 c 9858534-9858553 9858543 6.5 0.050 0.75 
D5-Novel-12 Gorai.004G069800 c 7353688-7353709 7353697 6 0.013 0.8 
D5-Novel-14 Gorai.003G144500_up c 41113578-41113600 41113587 6.5 0.020 0.91 
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D5-Novel-15 
Gorai.007G351800_up c 58212236-58212256 58212245 6.5 0.003 1 
Gorai.007G351800_up c 58212236-58212256 58212245 6.5 0.003 1 
Gorai.007G351800_up c 58212236-58212256 58212245 6.5 0.003 1 
Gorai.001G196400_up w 34130419-34130439 34130430 5.5 0.001 1 
D5-Novel-18 Gorai.013G044200 c 3861673-3861692 3861681 6.5 0.035 1 
D5-Novel-19 Gorai.011G019500 w 1351293-1351312 1351303 7 0.026 0.9 
D5-Novel-20 Gorai.001G162200_up c 23360161-23360181 23360170 7 0.027 0.71 Gorai.001G162200_up c 23360161-23360181 23360170 7 0.027 0.71 
D5-Novel-21 
Gorai.001G220200 c 44646286-44646305 44646294 5 0.032 0.83 
Gorai.009G378300_up c 51278086-51278106 51278095 7 0.021 0.79 
Gorai.009G384100_up c 52126909-52126929 52126918 7 0.021 0.71 
Gorai.009G376900_up c 51140325-51140345 51140334 6.5 0.028 0.71 
D5-Novel-22 Gorai.009G094400 c 6886293-6886315 6886302 5.5 0.048 1 
D5-Novel-23 Gorai.009G042100 w 3084196-3084216 3084207 5 0.010 0.83 
D5-Novel-24 Gorai.001G201800 w 38911526-38911548 38911538 7 0.012 0.71 
D5-Novel-25 Gorai.003G065700 w 13175111-13175133 13175123 4.5 0.002 0.88 
D5-Novel-26 Gorai.005G165900 c 48841558-48841577 48841567 2 0.001 0.98 
Gorai.002G182600 c 47974294-47974313 47974303 1 0.001 1 
D5-Novel-32 
Gorai.001G276800_up c 55730906-55730930 55730915 5.5 0.028 0.71 
Gorai.001G276800_up c 55715277-55715301 55715286 5.5 0.028 0.71 
Gorai.009G348300_up w 43392421-43392445 43392436 6 0.004 0.83 
Gorai.009G348600_up w 43513557-43513581 43513572 5.5 0.006 0.72 
Gorai.001G276700 c 55668526-55668545 55668535 1 0.026 0.8 
D5-Novel-34 
Gorai.001G276400_up c 55553912-55553931 55553921 2 0.002 0.8 
Gorai.001G276700_up c 55677848-55677867 55677857 1 0.036 0.8 
Gorai.001G276800_up c 55727237-55727256 55727246 1 0.036 0.8 
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Gorai.001G276800_up c 55696183-55696202 55696192 1 0.036 0.8 
Gorai.006G000300_up w 1171-1190 1181 1 0.036 0.8 
Gorai.001G276800_up c 55687346-55687365 55687355 1 0.036 0.8 
Gorai.001G276400_up c 55522628-55522647 55522637 1 0.036 0.8 
Gorai.001G276800_up c 55741075-55741094 55741084 1 0.044 0.8 
Gorai.001G276400_up c 55503764-55503783 55503773 1 0.044 0.8 
Gorai.001G276600_up c 55605196-55605215 55605205 1 0.044 0.8 
Gorai.001G276600_up c 55585392-55585411 55585401 1 0.044 0.8 
Gorai.001G276800_up c 55712722-55712741 55712731 1 0.044 0.8 
Gorai.001G276600_up c 55575987-55576006 55575996 1 0.044 0.8 
Gorai.001G276600_up c 55566454-55566473 55566463 1 0.044 0.8 
Gorai.001G276800_up c 55737805-55737824 55737814 1 0.044 0.8 
Gorai.001G276800_up c 55722586-55722605 55722595 1 0.044 0.8 
Gorai.001G276400_up c 55513164-55513183 55513173 1 0.044 0.8 
Gorai.008G089800_up w 20957812-20957830 20957821 2.5 0.001 0.8 
Gorai.008G000100_up w 675-694 685 1 0.002 0.8 
Gorai.008G089600_up c 20813239-20813258 20813248 1 0.002 0.8 
Gorai.009G348700_up w 43546521-43546540 43546531 1 0.002 0.8 
Gorai.010G057200_up c 6697713-6697732 6697722 1 0.002 0.8 
Gorai.009G348300_up w 43394947-43394966 43394957 1 0.002 0.8 
Gorai.009G348800_up w 43678777-43678796 43678787 1 0.002 0.8 
Gorai.008G090000_up w 21037488-21037507 21037498 1 0.002 0.73 
D5-Novel-35 Gorai.013G060200 w 6412683-6412706 6412697 4 0.044 0.89 
D5-Novel-37 Gorai.013G211000 c 52283150-52283170 52283159 5 0.020 0.86 
D5-Novel-38 Gorai.009G325300 c 32384539-32384561 32384548 6.5 0.032 0.86 
D5-Novel-39 Gorai.N005500_down w 5221976-5221998 5221989 4.5 0.000 0.83 
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CHAPTER 6 
 
GENOMIC CO-LOCALIZATION OF RECENT TRANSPOSABLE ELEMENT 
INSERTIONS WITH ENRICHMENT OF ASSOCIATED SIRNAS 
 
A paper in review by Molecular Biology and Evolution 
Lei Gong, Corrinne E. Grover, Simon Renny-Byfield, Rick E. Masonbrink  
and Jonathan F. Wendel 
 
Abstract 
Stabilization of transposable elements (TEs) involves biosynthesis of siRNA and 
further initialization of siRNA-mediated TE silencing. To gain insight into the 
relationship between the biosynthesis of siRNAs and their source TEs, we examined the 
co-evolutionary dynamics and expression of these two entities by characterizing the 
siRNA distribution across the genome of Gossypium raimondii. We identified a notable 
region at the 3’ end of chromosome 1 with significantly enriched siRNA coverage. 
Analysis of the correlation pattern between uniquely mapped siRNAs and those mapping 
to multiple regions implicated active biogenesis of siRNAs from these potential young 
TEs. Furthermore, divergence estimates of TEs within this region confirmed that the 
majority of TEs are young. Active transcription of the source TEs and their positive 
correlation with expressed siRNAs indicates that sufficient expression of TEs is 
necessary to generate siRNAs and maintain the silenced state of recently transposed TEs.  
 
Introduction 
Transposable elements (TEs), as the ubiquitous components in plant genomes, are 
the major determinant of genome size differences among angiosperms.  They also are 
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known to regulate nearby genes via their activation, silencing and/or elimination. Based 
on structure, encoded proteins and mechanism of transposition, TEs are subcategorized 
into class I retroelements (retro-TEs, including LTR and non-LTR TEs) and class II DNA 
transposons (DNA TEs, including CACTA, hAT, Mutation family etc.), amplifying via 
“copy-and-paste” and “cut-and-paste” mechanisms, respectively. Although active 
transposition of TEs has been frequently reported under special conditions (Liu et al. 
2004; Hancock et al. 2011; Eun et al. 2012), TEs often are silenced to prevent their 
unbridled and presumably deleterious transposition. One of the major TE silencing 
mechanisms in plants is the biogenesis of 24-nt siRNAs (short silencing RNAs), 
generated from RNA Pol IV-synthesized TE transcripts, which are then processed by 
RDR2 and DCL3 enzymes. These siRNAs further target TEs (via AGO4 protein binding) 
establishing DNA/histone hyper-methylation at the TE site of origin (Chapman and 
Carrington 2007; Slotkin and Martienssen 2007; Chen 2010). Another non-canonical 
siRNA biogenesis pathway is dependent on the upstream siRNA biogenesis via DCL2/4 
cleavage of Pol II-RDR6-synthesized double stranded TE transcripts (Chapman and 
Carrington 2007; Matzke and Mosher 2014).   
 
From an evolutionary viewpoint, the turnover of TEs in plant genomes is thought 
to be interleaved with siRNA-mediated silencing (Schaack et al. 2010). As is well known, 
both horizontal transfer to a new host and recent proliferation can generate a relative 
young population of TEs. Young TEs are maintained in the genome by achieving a 
balance between transcription and activation and siRNA-mediated silencing.(Schaack et 
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al. 2010). However, aging TEs also accumulate mutations, diversify, and still maintain 
associated activity of transcription and biogenesis of siRNAs(Schaack et al. 2010).  
 
Previous studies in plants have focused on the correlation between siRNAs and 
TE distribution across the genome but little attention has been paid to the underlying 
reason behind the correlation, nor whether the ages of the TEs are correlated with their 
transcriptional expression levels and the propensity to generate siRNAs. Gossypium 
raimondii, a representative D-genome cotton species, has a ~880 Mbp genome, and a 
high quality reference sequence recently has been generated (Paterson et al. 2012). The 
protein-coding genes and TEs of the G. raimondii genome have been well annotated 
based on the reference genome assembly (Paterson et al. 2012). In addition, multiple 
transcriptome and small RNA sequencing data sets are available (Gong et al. 2013; Yoo 
et al. 2013). These resources and the high quality, well-annotated genome make G. 
raimondii a good model species for us to answer questions concerning TE proliferation 
and siRNA abundance.  
 
Here, I explore the relationship between the age of TEs, their rate of expression 
and the synthesis of their corresponding siRNAs. After mapping 24nt siRNAs and TE 
transcripts back to the reference genome of G. raimondii, we detected an abnormal 
genomic region at the 3’ subtelomeric end of chromosome 1, where young TEs are 
actively transcribed and expression is correlated with an enrichment of 24nt siRNAs. 
These results demonstrate that this region of chromosome 1 has likely experienced a 
recent burst of TEs, which remain under active repression by siRNA mediated silencing. 
  
 
196
 
Materials and Methods 
Sequencing data resources 
Small RNAs and transcriptomic sequences from seedling leaves at the same 
development stages (7 cm in length, 7th post-cotyledonary) were sequenced using 
Illumina Genome Analyzer and Hi-Seq 2000 technology, respectively. Plant material 
preparation and experimental design were described in previous publications (Gong et al. 
2013; Yoo et al. 2013) and data are deposited at the NCBI SRA database (SRR616255–
SRR616257 and SRA056385). 
 
Mapping of small interfering RNA (siRNAs) and TE transcripts 
Sequencing reads were trimmed and screened for quality as described previously 
(Gong et al. 2013; Yoo et al. 2013). For small RNA sequencing data, the noisy short 
RNA reads (including reads derived from the tRNA, rRNA, and snRNAs) and 
microRNAs were identified as in Gong et al. (2013), and were discarded. The remaining 
24-nt siRNAs were mapped to corresponding reference genomes of G. raimondii 
(Paterson et al. 2012) and G. arboreum (Li et al. 2014) using bowtie 0.12.7 mapper 
(Langmead et al. 2009) with appropriate parameter settings to restrict zero mismatching 
(-v 0), unique mapping (-m 1, abbreviated as UM) and/or mapping of reads to multiple 
genomic regions (-m defaulted, abbreviated as MM). For mRNA data, high-quality reads 
were mapped to both G. raimondii and G. arboreum genome assemblies with non-TE 
regions masked (TE annotation is described in next section) also using bowtie 0.12.7 with 
the same parameter settings as those for siRNA mapping. Alignments in SAM format 
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were input into the SeqMonk program, in which the quantification and illustrative 
distribution of read coverage were generated.  
 
For quantification of siRNA mapping, log2-transformed coverage of mapped 24-
nt siRNAs (total number of mapped reads normalized as per million of total reads per 
kilo base pairs) in each sliding window (750 kb in size, 0 bp step size) running through 
each chromosome was summarized as boxplots and histograms. Linear correlations 
between log2-transformed coverages of UM and MM siRNA reads were constructed for 
each chromosome of G. raimondii.  
 
For quantification of TE transcription, similar log2-transformed coverage of 
mapped TE transcript reads (normalized as per million of total reads per kilo base pairs) 
on each TE was summarized as a histogram. For the TEs residing in the subtelomeric 
region at the 3’ end of chromosome 1, their expression was correlated with the 
corresponding log2-transformed siRNA coverage (normalized as per million of total reads 
per kilobase pairs).  
 
Estimating the timing of TE insertions 
Annotations in the recently published Gossypium raimondii reference genome 
(Paterson et al. 2012) were used to identify genomic regions corresponding to TEs. 
Annotated TEs were classified following the classical three-letter system (Wicker et al. 
2009). The following estimates of the age of TE insertions focused on the retroelements, 
since there were no annotated Class II TEs (DNA transposons, DXX) in the region of 
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interest. For unclassified retroelements (RXX), RLX (unclassified LTR retroelements) 
and their subtypes, LTR regions were estimated using LTR Struct (McCarthy and 
McDonald 2003). Given the assumption that the sequence similarity between LTRs of a 
retroelement is negatively correlated with time since insertion (i.e. older insertions have 
greater divergence in LTR sequences), the estimated similarity of LTRs for each retro-TE 
was utilized to indicate the timing of the corresponding TE insertion. Sequence similarity 
distributions were constructed for TEs residing in the 3’- end of chromosome 1 and 
separately for those in other genomic regions. In addition, the sequence similarity 
distribution among LTRs was compared between chromosomes.  
 
Alignment of siRNA-enriched TEs  
Sequence alignment of the TEs in the siRNA-enriched region of chromosome 1 
was made using MAFFT (Katoh and Standley 2013) with default parameters. 
Subsequently a minimum linkage phylogenetic tree was constructed utilizing MAFFT 
and formatted using the Figtree visualization tool 
(http://tree.bio.ed.ac.uk/software/figtree/). 
 
Statistical analysis 
An ANOVA test was used to compare siRNA coverage across all 13 
chromosomes. The pairwise correlations between the UM and MM siRNAs and between 
siRNA abundance and TE transcription levels were constructed under a linear regression 
model. The difference between TE transcription in the siRNA-enriched region of 
chromosome 1 and in other genomic regions was assessed using student’s t-test. A 
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Wilcoxon sum of rank test (Wilcoxon 1947) was used to compare TE insertion times in 
siRNA-enriched genomic regions with those regions lacking enrichment. All statistical 
tests were performed in R. 
 
Results 
Genome-wide distribution of siRNAs 
 To characterize the distribution of siRNAs across the G. raimondii genome, the 
abundances of mapped 24-nt siRNAs across all chromosomes were summarized (Figure 
1a,b). As shown, across the 13 chromosomes of G. raimondii, an ANOVA test reveals 
that there is no significant difference in siRNA abundance (Figure 1b), indicating that all 
chromosomes are consistently targeted by siRNAs in this species. However, one of the 
sliding windows on chromosome 1 appeared as an extreme outlier, both in terms of the 
overall distribution of mean number of siRNAs (Figure 1a) and on a chromosome-by-
chromosome basis (Figure 1b). This window corresponded to the terminal 3’- end of 
chromosome 1 (the last window of 368 kb in size with intact windows framed ahead, as 
highlighted in green dot in Figure 1a,b), which has a high abundance of siRNAs, 33,890 
per million reads. This region is obviously an exceptional case relative to the overall 
distribution of siRNAs across the whole genome (green in Figure 1a), which stimulated 
further investigation.  
 
Genomic composition of the siRNA-enriched region on chromosome 1 
The gene composition and TE content of the aforementioned siRNA-enriched 
genomic region were characterized (Table 1). Specifically, this region has lower gene 
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content relative to the 3’ subtelomeric regions of the remaining 12 chromosomes 
(Paterson et al. 2012). There is one full-length, and two partial 26S rDNA genes 
interspersed among the TEs (Figure 2 and Table 1). Within this siRNA-enriched genomic 
region there are 294 TEs in total. Detailed categorization revealed 155 Class I TEs 
(retroelements), which include 75 unclassified retroelements (RXX) and 80 LTR 
retroelements including 64 unclassified LTR-retroelements (RLX), 16 Gypsy-like LTR 
retroelement (RLG), but no Copia-like LTR retroelements. This region contained no 
Class II DNA transposons (DXX; Figure 2).  
 
We examined the distribution of mapped 24-nt siRNAs and compared these to 
annotated genes and TEs in the siRNA-enriched 3’-end of chromosome 1 (Figure 2). This 
provides detailed information of the siRNA distribution relative to featured annotations. 
Overall, most 24-nt siRNAs mapped to TEs in intergenic region rather than within gene 
bodies (Figure 2). However, relative to the 74th window, as described above, the TEs 
annotated in the 75th window had significantly more siRNAs with multiple hits to various 
genomic regions, but far fewer uniquely mapped siRNAs (Figure 2).  
 
The genome-wide correlation between the coverage of UM and MM 24-nt 
siRNAs in all sliding windows on each chromosome were fitted to each individual linear 
regression model (Figure 3).  Consistent positive linear correlations between the UM and 
MM siRNAs were observed across all windows on all 13 chromosomes (Figure 3), which 
was distinct from the unique, negative correlation between those two classes in the 
siRNA-enriched region at the 3’ end of chromosome 1.  
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Transcriptional expression of siRNA-enriched TEs 
We mapped RNA-seq reads to the G. raimondii reference sequence to assess the 
expression status of TEs and protein coding genes across the genome. Read counts per 
element were normalized by length and total library size (Figure 4). Overall, the log2-
transformed expression level of the genome-wide TEs (mean= -1.244 and median= -
1.117) was lower than that of protein-coding genes (mean=-0.031 and median=0.278, 
Figure 4a). In addition, there were several hotspots of transcriptionally active TEs (Figure 
4b). Interestingly, the TEs in the siRNA-enriched region were also expressed at a higher 
level than TEs in other genomic regions (mean=1.643 and median=1.872, p value <0.05, 
Figure 4b), although lower than most protein-coding genes. Furthermore, a positive 
correlation between TE expression and targeting of siRNAs was observed (Figure 5). 
 
Sequence divergence of full-length retro-TEs in the 3’-end of chromosome 1 
The sequence divergence of siRNA-enriched TEs in the 3’-end of chromosome 1 
was illustrated in a phylogenetic reconstruction (Figure 6). There are four main clusters 
of retroelements, which have mean within-cluster divergences of less than ~0.2 (Jukes-
Canter distance) (Figure 6). This phylogenetic clustering and high sequence similarity 
suggest that these four groups may have originated from a relatively recent transposition 
into the 3’ region of chromosome 1.  
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siRNA-enriched young TEs at the 3’-end of chromosome 1 
In an effort to discern features of the TEs related to siRNA biogenesis, we 
evaluated the relative age of TE insertion on a genome-wide scale, using divergence 
between LTRs at either end of the element as a proxy for time since insertion (Figure 7). 
Comparison of LTR similarity in the siRNA-enriched region of chromosome 1 with 
genome-wide patterns confirmed that the former group of retroelements (corresponding 
to the Cluster I to IV peaks in Figure 7a) typically have higher LTR similarity than TEs 
in the latter group, demonstrating that TEs in the siRNA-enriched region inserted more 
recently than is typical genome-wide (Wilcoxon sum of rank test, p<0.05, Figure 7a). In 
addition, examination of TE insertions across the genome revealed no significant 
difference in mean TE age among the cotton 13 chromosomes (Figure 7b).  
 
Discussion 
siRNAs play an essential role in TE silencing and control the proliferation and 
activation of TEs on a genome-wide scale, yet few studies have analyzed the factors that 
potentially affect siRNA biogenesis and the possible correlations between TE expression 
and their derived 24nt siRNA. To gain insights into these relationships we analyzed the 
distribution of siRNAs, the relative age of their source TEs, and their correlated 
expression patterns in the cotton species G. raimondii. We mapped sequencing reads 
derived from siRNAs and RNA transcripts back to the reference G. raimondii genome, 
quantified the coverage of each data type across the genome, and also assessed pairwise 
correlations between siRNA coverage, TE expression and the estimated relative age of 
TEs.  
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siRNA-generating young TEs clustered at 3’-end of chromosome 1 
The general distribution of siRNAs across all chromosomes suggests that siRNA-
generating TEs are relative evenly distributed across the genome. A notable exception is 
the siRNA-enriched region at the 3’ end of chromosome 1 (Figure 2). Given that older 
TE copies generally accumulate greater sequence divergence when compared to younger 
TEs, siRNAs that target multiple regions of the genome likely are derived from younger 
TEs, while older TEs potentially generate siRNAs that map to unique regions in the 
genome (Hollister et al. 2011). Since most siRNAs mapped at the 3’- end of chromosome 
1 hit multiple regions of the genome, and relatively few siRNAs map uniquely (a 
negative correlation pattern, Figure 2), the inference is that this region of chromosome 1 
likely contains a relatively large number of young TEs. This conclusion is supported by 
phylogenetic analysis of TEs, where four clusters of TEs with little sequence divergence 
(Cluster I to IV in Figure 6) indicate recent bursts of transposition. Similarly, this 
conclusion is supported by estimates of relative TE age, which demonstrate that TEs in 
the 3’-end of chromosome 1 typically are younger than TEs in other regions of the 
genome (Figure 7a). Furthermore, the shared peak of sequence similarity (as a proxy for 
age of insertion) for TE Clusters III and IV demonstrated that the corresponding groups 
of TEs could have been activated and transposed contemporaneously during the 
evolutionary history of G. raimondii.  
 
Our analysis of the siRNA mapping data shows a consistent positive correlation 
between UM and MM coverage for each of the 13 chromosomes (Figure 3), suggesting 
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that old TE insertions are spread across the genome. Multiple-hit mapping also includes 
uniquely mapped reads, so the positive correlation across all 13 chromosomes (Figure 3) 
between UM siRNAs with MM siRNAs is reasonable. In contrast, for young TE 
insertions with abundant multiple-read hits (no mixture of UM reads), there should be 
little or negative correlation in these features, as illustrated by the negative correlation 
detected at the 3’ end of chromosome 1 (Figure 2).  
 
Among the relatively young TE insertions, residing outside of the 3’ end of 
chromosome 1 (Figure 7), we did not observe enrichment of associated siRNAs. Two 
possible scenarios could explain this observation: first, in addition to the age of TE 
insertion, there could be other factors contributing to the biogenesis siRNAs from young 
TEs; second, the cotton genome could employ a different siRNA-independent silencing 
system to control young TEs, such as CG DNA methylation via methyltransferase 
(Finnegan and Kovac 2000; Eun et al. 2012), although if this is the case the question 
arises as to how the young TEs at the end of chromosome 1 escape this silencing 
mechanism. Whole-genome DNA methylation characterization will help us address this 
question. 
 
Transcriptional activity of siRNA-generating TEs 
TE expression is related to siRNA biogenesis (Chapman and Carrington 2007; 
Schaack et al. 2010; Hollister et al. 2011). To investigate this relationship in cotton 
genome, we estimated TE expression across the genome and related this to levels of 
associated siRNAs. This analyses demonstrated that newly inserted TEs, with enriched 
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targeting of siRNA, also have higher levels of expression (Figure 4). Recent research 
demonstrates that in addition to the canonical RNA Pol IV-RDR2-dependent siRNA 
biogenesis pathway, a novel RNA Pol II-RDR6-dependent pathway can also participate 
in siRNA synthesis from newly inserted TEs (Chapman and Carrington 2007; Pontier et 
al. 2012; Matzke and Mosher 2014). The enrichment in siRNAs mapping to young TEs 
could, in part, be the result of the action of this pathway. It is also possible that this 
process may help generate and maintain siRNA levels that are sufficiently high to ensure 
silencing of the source TEs. We note that TE expression levels are still low relatively to 
most protein coding genes, perhaps as an essential mechanism to mitigate against over-
activation, translation and accumulation of enzymes needed for TE transposition (Vicient 
2010).  
 
At present we do not know the mechanism(s) explaining the recent TEs insertions 
at the 3’-end of chromosome 1, although given the relatively low content of genes in this 
region, which includes only three partial rDNA genes, it is reasonable to suggest that TE 
insertions in this region have little selective relevance. Since actively used rDNA genes 
reside elsewhere in the genome, disruption of expression of orphan rDNA copies in this 
region, via the action of TEs, is unlikely to have an impact of fitness.  
 
Conclusion 
In this chapter we have shown that siRNAs are distributed relatively evenly over 
the G. raimondii genome, with the exception of a region at the 3’-end of chromosome 1, 
in which there is considerable enrichment of siRNAs. Many TEs in this interesting region 
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of the genome produce siRNAs, which map to multiple places of the genome. Together 
with age estimates of TE insertions, these indicate a recent activation history of TEs in 
this region. Furthermore, expression data indicate these TE are still expressed at low 
levels, perhaps in order to maintain a necessary level of siRNAs to achieve silencing.  
 
Acknowledgments 
Financial support was provided by the Plant Genome Program of the National 
Science Foundation, and by the Partner University Fund. 
 
References 
Chapman EJ, Carrington JC. 2007. Specialization and evolution of endogenous small 
RNA pathways. Nature Reviews Genetics 8:884-896. 
Chen X. 2010. Small RNAs - secrets and surprises of the genome. Plant J 61:941-958. 
Eun C-H, Takagi K, Park K-I, Maekawa M, Iida S, Tsugane K. 2012. Activation and 
epigenetic regulation of DNA transposon nDart1 in rice. Plant Cell Physiol 
53:857-868. 
Finnegan EJ, Kovac KA. 2000. Plant DNA methyltransferases. Plant Mol Biol 43:189-
201. 
Gong L, Kakrana A, Arikit S, Meyers BC, Wendel JF. 2013. Composition and expression 
of conserved microRNA genes in diploid cotton (Gossypium) species. Genome 
Biol Evol 5:2449-2459. 
Hancock CN, Zhang F, Floyd K, Richardson AO, LaFayette P, Tucker D, Wessler SR, 
Parrott WA. 2011. The rice miniature inverted repeat transposable element mPing 
is an effective insertional mutagen in Soybean. Plant Physiol 157:552-562. 
Hollister JD, Smith LM, Guo Y-L, Ott F, Weigel D, Gaut BS. 2011. Transposable 
elements and small RNAs contribute to gene expression divergence between 
  
 
207
Arabidopsis thaliana and Arabidopsis lyrata. Proc Natl Acad Sci U S A 108:2322-
2327. 
Katoh K, Standley DM. 2013. MAFFT Multiple Sequence Alignment Software Version 7: 
improvements in performance and usability. Mol Biol Evol 30:772-780. 
Langmead B, Trapnell C, Pop M, Salzberg SL. 2009. Ultrafast and memory-efficient 
alignment of short DNA sequences to the human genome. Genome Biol 10:R25. 
Li F, Fan G, Wang K, Sun F, Yuan Y, Song G, Li Q, Ma Z, Lu C, Zou C, et al. 2014. 
Genome sequence of the cultivated cotton Gossypium arboreum. Nat Genet 
46:567-572. 
Liu Z, Han F, Tan M, Shan X, Dong Z, Wang X, Fedak G, Hao S, Liu B. 2004. 
Activation of a rice endogenous retrotransposon Tos17 in tissue culture is 
accompanied by cytosine demethylation and causes heritable alteration in 
methylation pattern of flanking genomic regions. Theoretical and Applied 
Genetics 109:200-209. 
Matzke MA, Mosher RA. 2014. RNA-directed DNA methylation: an epigenetic pathway 
of increasing complexity. Nat Reviews Genetics 15:394-408. 
McCarthy EM, McDonald JF. 2003. LTR_STRUC: a novel search and identification 
program for LTR retrotransposons. Bioinformatics 19:362-367. 
Paterson AH, Wendel JF, Gundlach H, Guo H, Jenkins J, Jin D, Llewellyn D, 
Showmaker KC, Shu S, Udall J, et al. 2012. Repeated polyploidization of 
Gossypium genomes and the evolution of spinnable cotton fibres. Nature 
492:423-427. 
Pontier D, Picart C, Roudier F, Garcia D, Lahmy S, Azevedo J, Alart E, Laudié M, 
Karlowski WM, Cooke R, et al. 2012. NERD, a plant-specific GW protein, 
defines an additional RNAi-dependent chromatin-based pathway in Arabidopsis. 
Mol Cell 48:121-132. 
Schaack S, Gilbert C, Feschotte C. 2010. Promiscuous DNA: horizontal transfer of 
transposable elements and why it matters for eukaryotic evolution. Trends in 
Ecology and Evolution 25:537-546. 
  
 
208
Slotkin KR, Martienssen R. 2007. Transposable elements and the epigenetic regulation of 
the genome. Nature Reviews Genetics 8:272-285. 
Vicient CM. 2010. Transcriptional activity of transposable elements in maize. BMC 
Genomics 11:601. 
Wicker T, Sabot F, Hua-Van A, Bennetzen JL, Capy P, Chalhoub B, Flavell A, Leroy P, 
Morgante M, Panaud O, et al. 2009. A unified classification system for eukaryotic 
transposable elements should reflect their phylogeny reply. Nature Reviews 
Genetics 10:973-982. 
Wilcoxon F. 1947. Probability tables for individual comparisons by ranking methods. 
Biometrics 3:119-122. 
Yoo M-j, Szadkowski E, Wendel JF. 2013. Homoeolog expression bias and expression 
level dominance in allopolyploid cotton. Heredity 110:171-180. 
 
209
 
Figures and Tables 
Figure 1. Distribution of 24-nt siRNAs across 13 chromosomes of G. raimondii. 24-nt siRNA reads were mapped to the genome 
assembly of G. raimondii with no constraint in terms of the number of regions that could be mapped per read. The log2 transformed 
abundance of mapped 24-nt siRNAs is summarized in the histogram (a) showing the distribution of siRNA counts across the genome. 
This distribution is displayed on a per chromosome basis as boxplot in (b). The green dotted circles in panel “a” and corresponding 
green dot at the very top of Chr 01 in panel “b” indicate the region of interest described in this study.  
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Figure 2. The location of siRNA mapping compared to gene annotations and TE insertions at the 3’ end of chromosome 1 (55000000-
55868233 bp). Top two mosaic bars are the annotated TEs and genes located at the sense (red) and anti-sense strand (blue), 
respectively. Distribution of 24-nt siRNAs with multiple-hits and those that map uniquely are given in the bottom two panels. The last 
two sliding windows on chromosome 1 (74th and 75th) were specifically denoted by the open dotted green and closed dotted blue 
frames, respectively.  
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Figure 3. Linear correlations between coverage of UM and MM siRNA across the 13 chromosmes of G. raimondii. In each panel, 
each data point corresponds to the log2 transformed coverage of one sliding window and the blue line is the linear regression 
constructed under a linear model (see methods). At the top of each panel are shown the linear regression formula, the r-square value, 
and corresponding p-value.  
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Figure 4. Transcriptional expression of annotated genes and TEs in G. raimondii. In panel “a”, the log2-transformed expression values 
are on the x-axis with the corresponding densities of the annotated genes and TEs denoted in light blue and red lines, respectively. At 
the bottom section of panel “b”, an overview of TE transcript distribution in chromosome 1 is illustrated by a blue curve enclosed in a 
chromosome bar. The orange box highlights the region with enriched siRNA mapping and enhanced TE expression. In the upper 
section, the distribution of annotated TEs, corresponding expressed/mapped 24-nt siRNAs, expressed transcripts, and relative 
expression, are illustrated from top to bottom, respectively.  
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Figure 5. Positively correlated expression of siRNAs and TEs at the 3’- end of 
chromosome 1. The log2 transformed abundance of mapped 24-nt siRNAs and expression 
level of each TE are shown on x- and y- axis, respectively. Different TE types tabulated 
in Table 1 are indicated by color. The linear correlation equation with related statistic and 
p-value are indicated. 
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Figure 6. Phylogenetic illustration of sequence divergence of TEs residing in the 3’-end 
chromosome 1.  The TEs of RXX, RLX, and RLG subtypes are connected by blue, green, 
and orange lines, respectively. The internal branches are colored according to major TE 
subtypes in each cluster (Cluster I to IV). 
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Figure 7. LTR sequence similarity distributions of TEs in the G. raimondii genome. In 
panel “a”, the LTR similarity distributions of retro-TEs in the 3’-end of chromosome 1 
and in all other genomic regions are illustrated in blue and red lines, respectively. For 
each cluster of retro-TEs in Figure 6, Cluster I and II have two distinguishable peaks; 
however, Cluster III and IV are grouped into the same peak. In panel “b”, the LTR 
similarity distributions of TEs not residing in the 3’-end of chromosome 1, but from other 
regions of the genome are summarized by chromosome. 
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Table 1. Composition of the genomic region in the 3’-end of chromosome 1 with highly abundant siRNA coverage. 
Genomic 
Elements 
Gene ID* 
Gene 
length (bp) 
Homology with known gene in relative species§ 
Protein 
coding genes 
Gorai.001G276600 375 100% identity with partial 26S rDNA gene in Theobroma cacao (JQ228375.1) 
Gorai.001G276700 2841 100% identity with intact 26S rDNA gene in Theobroma cacao (JQ228375.1) 
Gorai.001G276800 375 97% identity with partial 26S rDNA gene in Theobroma cacao (JQ228375.1) 
Transposable 
Elements† 
Class I Class II Not Classified 
RLC RLG RLX RXX DXX TXX 
0 16 64 
75 0 139 
Sub-total LTR: 80 
* Gene IDs are following the genome annotation of G. raimondii (Nature paper, 
ftp://ftp.jgipsf.org/pub/compgen/phytozome/v9.0/Graimondii/). 
§ Homology search was completed using Blastn against NCBI nucleotides sequences 
† Annotated TEs are classified following the classical three-letter system (Wicker et al. 2009) 
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CHAPTER 7 
 
GENERAL CONCLUSION 
 
 
In this conclusion, all primary research objectives outlined in the introduction of this 
dissertation are summarized, in light of findings described in Chapters 2-6. 
 
About cytonuclear coevolution 
1. To characterize the composition and evolution pattern of Rubisco component 
genes (rbcS/rbcL) in different allopolyploid lineages (during diploid divergence and 
allopolyploid formation) 
As shown in Chapters 2 and 3, sequenced plastid rbcL genes in plant species of five 
different genera are demonstrated to be slowly evolving genes during diploid divergence, 
accumulating a few non-synonoymous nucleotide substitions causing amino acid changes at both 
the C and N termini (except in Brassica, where there were no substitutions). In polyploid species 
of all genera studied, all maternal diploid rbcL genes are confirmed to have stable maternal 
inheritance with no nucleotide changes relative to their parental diploid species.  
 
In Chapters 2 and 3, rbcS genes in diploid and polyploid species are subjected to 
“concerted evolution”, or sequence homogenization via gene conversion; however, there are still 
exceptional, near-independent rbcS copies that escape homogenization. Within the diploids, 
concerted evolution maintains greater sequence similarity among physically adjacent rbcS 
paralogs, as nucleotide mutations become erased by homogenization. The rbcS genes at distinct 
chromosomal locations follow relatively independent evolution, showing relatively lower 
sequence similarity with other rbcS paralogs in the same species. As for rbcS evolution in 
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allopolyploids, rbcS homoeologs exhibit disrupted concerted evolution, which involves 
homogenization among inter-/intra-genomic homoeologs. 
 
2. To describe at the context of allopolyploidization (genomic merger and genome 
doubling), any cytonuclear coevoution/accommodation in rbcS/rbcL genes at both genomic 
and transcriptional levels 
Given parental LSUs divergence at the C- and N- terminal domains, which are the 
catalytic centers and where the subunit interfaces with SSUs, it is possible that cytoplasmic 
selection has operated on nuclear rbcS homoeologs in the allopolyploid to optimize rubisco 
holoenzyme activity. In Chapter 2, an initial exploration of cytonuclear coevolution at genomic 
level in Gossypium polyploid demonstrates post-polyploidy gene conversion between nuclear 
homoeologs, which causes consistent protein conversions in paternal SSUs at the essential 
interfacing domain with LSUs. At the transcriptional level, biased rbcS expression in the 
direction predicted by the organellar composition of allopolyploid cotton is also confirmed.  
 
In Chapter 3, I extended this analysis by studying four other exemplar plant polyploid 
lineages.  These also demonstrated a consistent pattern of post-polyploidy, gene conversion 
among rbcS homoeologs at the genomic level.  Biased homoeolog expression of paternal 
homoeologs carrying maternal conversions is also confirmed in most polyploid species. 
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3. To explore any consistent cytonuclear coevolution mechanisms employed by 
different allopolyploid lineages 
Two consistent indications of possible cytonuclear coordination and regulation of rubisco 
component subunits are demonstrated in different allopolyploid lineages: first is concerted 
evolution among homoeologs with a preferential occurrence of maternal-to-paternal, inter-
genomic conversions in signaling and regulatory domain of SSU genes; second is the biased 
expression of paternal homoeologs carrying maternal-like gene conversions. 
 
About small RNA evolution 
4. To characterize the evolutionary divergence of miRNA genes and their targeted 
genes during diploid cotton divergence in terms of biogenesis, composition, and miRNA 
expression  
As demonstrated in Chapter 4, diverged diploid cotton species share conserved miRNA 
gene families. Analysis of the presence/absence of these microRNA families in other land plants 
sheds light on their depth of phylogenetic origin and lineage-specific loss/gain. In addition, I also 
demonstrate a striking asymmetric differential expression of these conserved miRNAs in the two 
cotton species that is inversely associated with distance to neighboring transposable elements and 
negatively correlated with the expression of their target genes in most cases. 
 
In addition to this shared miRNA composition among two congeneric diploids, in 
Chapter 5, rapid and divergent genesis of microRNA genes accompanying speciation in 
Gossypium is demonstrated, which indicates microRNA family evolution can be highly variable 
even within a single plant genus. An unexpected high rate of novel miRNA gene formation 
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accompanying the divergence of two closed related species results in the vast majority of novel 
miRNA families confined to G. arboreum. Both inverted duplication of protein-coding genes and 
recent duplication and divergence of pre-existing miRNA genes have contributed to novel 
miRNAs evolution pattern. In addition, the conserved expression and gene targeting are also 
revealed for the shared novel miRNAs in these related plants. 
 
5. To describe the genomic distribution of siRNAs and explore the relationship 
between siRNA biogenesis and features of their source transposable elements in the cotton 
genome. 
 In Chapter 6, I find relatively even distribution of siRNAs over the G. raimondii genome, 
with the exception of an enriched siRNA region at the 3’ subtelomeric end of chromosome 1. 
Abundant TEs in this interesting region of the genome are producing these siRNAs, which map 
to multiple places of the genome. It has been demonstrated that two features of TEs are 
potentially related with these enriched siRNAs: the age estimates of TE insertions confirm a 
recent activation history of TEs in this region, and expression data indicate these TE are 
expressed at low levels, perhaps to maintain a necessary level of siRNAs to achieve silencing.  
 
